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cancer); however, these studies were based on small numbers of tu-
mors (Huang et al. 1999, Laurent-Puig et al. 2001, Ueta et al. 2002).

Properties

HCV isan enveloped RNA virus, which causes most non-B viral hep-
atitis that is transmitted parenterally (i.e., by injection, transfusion,
or other contact with body fluids). It is a member of the Flaviviridae
family of viruses and has a particle size of about 50 nm in diameter
(He et al. 1987). The positive-sense RNA genome (9,600 nucleotides)
codes for production of a polyprotein (3,000 amino acids); enzymes
produced by the virus and the host cell then cleave the polyprotein
into the smaller structural and nonstructural proteins that make up
the mature virus particle. The structural proteins, which are incorpo-
rated into the viral envelope, consist of the core (nucleocapsid) pro-
tein and two glycoproteins (E1 and E2). The nonstructural proteins
(NS2, NS3, NS4A, NS4B, NS5A, and NS5B) serve as enzymes essen-
tial for protein processing and RNA replication; their functions in-
clude protease, nucleotide triphosphatase, RNA helicase, and RNA
polymerase activity (Rosenberg 2001).

Replication of HCV often results in random mutations that are
not corrected by the RNA polymerase because it lacks a proofread-
ing function. As a result, the genomes of HCV strains show extensive
variability. However, some regions of the genome are more variable
than others, and classification of HCV genotypes is based on differ-
ences in the less variable regions of the genome. HCVs can be di-
vided into six phylogenetically distinct groups designated as clades
(groups of genotypes that share a common ancestor). Within the
clades, a number of subtypes (individual genotypes) have been de-
fined (Simmonds et al. 1993, Bukh et al. 1995, Simmonds 1995, Ro-
bertson et al. 1998). All known types of HCV have the potential to
cause serious liver disease.

Infection, Prevention, and Treatment

HCV can cause acute or chronic hepatitis. Acute hepatitis C usually
is characterized by elevated or fluctuating levels of alanine transam-
inase (ALT). People with acute hepatitis C either have no symptoms
(60% to 70%) or have mild clinical disease symptoms: 10% to 20%
have nonspecific symptoms, such as nausea, vomiting, anorexia, or
abdominal pain, and 20% to 30% may become jaundiced. The aver-
age time from exposure to symptoms is six to seven weeks (MMWR
1998). Most people infected with HCV (75% to 80%) go on to de-
velop chronic hepatitis C. Individuals with chronic hepatitis C are
the source for all new infections and are at increased risk for chronic
liver disease, cirrhosis, and liver cancer (Bonkovsky and Mehta 2001).
Chronic hepatitis is associated with chronic liver injury and inflam-
mation. Liver injury appears to be a result of the patient’s immune
reaction to the virus, rather than damage by the virus itself. Chronic
infection usually results in progressive fibrosis of the liver, which may
progress to cirrhosis and other disease states. In the United States,
HCYV is the leading cause of liver disease and may account for 8,000
to 10,000 deaths per year. As of 1996, most HCV-infected individu-
als were between 30 and 49 years of age; thus, the number of deaths
could substantially increase during the next 20 to 30 vears, as this
group reaches the age at which complications from liver disease usu-
ally occur (MMWR 1998, Alter et al. 1999).

HCYV infection can be prevented by screening of the blood sup-
ply and reduction of contact with potentially contaminated fluids in
health-care settings. The Occupational Safety and Health Adminis-
tration has established a bloodborne pathogens standard, based on
the concept of universal precautions, which requires that body fluids
and materials be treated as infectious (OSHA 1992). Currently, HCV
is treated with interferon-based therapies, and no vaccine is available.
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Detection

HCYV infection usually is confirmed by detection of antibodies against

HCV proteins or by detection of HCV RNA. Anti-HCV antibodies

are detected by serological assays, which have become more sensi-
tive and specific. HCV RNA usually is detected by tests based on the

polymerase chain reaction.

Exposure

The major route of HCV transmission is through contaminated blood.
The major risk factor for infection is illegal intravenous drug use,
which accounts for 60% of acute HCV infections in adults. Since the

screening of blood and blood products for HCV began in the 1990s,
blood transfusion has accounted for only a small percentage of adult

HCV cases (about 3%). Other routes of transmission include sexual,
perinatal, familial (at low rates), and through health-care practices,
including transmission by contaminated equipment or supplies, from

patient to patient (at low rates), and through occupational exposure

(at low rates). In U.S. surveillance studies from 1983 to 1996, no epi-
demioclogical risk factors were identified for at least 10% of the cases

of acute hepatitis C (Alter et al. 1999, Major et al. 2001).

The worldwide prevalence of HCV seropositivity based on pub-
lished studies that used both enzyme immunoassays and supplemen-
tal testing is about 3% (170 million individuals. Prevalence varies
geographically, ranging from 0.01% to 0.1% in the United Kingdom
and Scandinavia to 17% to 26% in Egypt. Prevalence rates are un-
known for much of Africa and parts of South America (Wasley and
Alter 2000).

In the United States, the third National Health and Nutrition Ex-
amination Survey (NHANES III, conducted from 1988 to 1994) found
that about 3 million to 4 million people were infected with HCV,
based on anti-HCV assays (Alter ez al. 1999). However, the annual in-
cidence of HCV infection declined from 180,000 in the mid 1980s to
28,000 by 1995, probably as a result of testing of blood donors and de-
creased numbers of cases among intravenous drug users (Alter 1997).
Based on NHANES data for 1999 through 2002, about 4.1 million peo-
ple {(95% confidence interval = 3.4 million to 4.9 million) were anti-
HCV-positive, with peak prevalence (4.3%) among individuals aged
40 to 49 years. A large percentage (85.1%) of anti-HCV-positive in-
dividuals aged 20 to 59 years had a risk factor such as abnormal se-
rum ALT levels, a history of injection drug use, or a history of blood
transfusion before 1992 (Armstrong et al. 2006).

Regulations

Food and Drug Administration (FDA)

Requlations have been established to guard against the spread of hepatitis C through donation of
blood, serum, and human immune globulin, including requirements for donor screening, product
testing, and product labeling.

Regulationsin 21 CFR 1270 and 1271 prescribe procedures, including donor screening and tissue
testing, to ensure that tissues intended for human transplant or other human cells, tissues, and
cellular and tissue-based products are free of hepatitis C.

Each donation of blood or blood product to be used in preparing a biological product shall be tested for
the presence of hepatitis Csurface antigen.

Occupational Safety and Health Administration (OSHA)

All work-related needlestick injuries and cuts from sharp objects that are contaminated with another
person’s blood or other potentially infectious material must be recorded.

First-aid training program trainees must have adequate instruction in the value of universal
precautions for preventing infectious diseases.

Comprehensive requlations have been developed for employers to develop, and adhere to, exposure-
control plans for bloodborne pathogens.

Public Health Service (PHS)
Requlations have been established to control the spread of hepatitis from hemodialysis treatment.
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Heterocyclic Amines (Selected)
Also known as HCAs

Introduction

Heterocyclic amines (HCAs) are formed during the cooking of meat,
by condensation of creatinine with amino acids. Four individual
HCAs are listed in the Report on Carcinogens as reasonably antici-
pated to be a human carcinogen {in separate listings):
+ 2-Amino-3,4-dimethylimidazo[4,5-fl]quinoline (MelQ) was
first listed in the Eleventh Report on Carcinogens (2004).
+ 2-Amino-3,8-dimethylimidazo[4,5-flquinoxaline (MelQx) was
first listed in the Eleventh Report on Carcinogens (2004).
» 2-Amino-3-methylimidazo[4,5-flquinoline (IQ) was first listed
in the Tenth Report on Carcinogens (2002).
« 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
was first listed in the Eleventh Report on Carcinogens (2004).

The profiles for these four HCAs follow. The evidence for carcino-
genicity from cancer studies in experimental animals and humans
is discussed separately for each HCA. However, most of the infor-
mation on mechanisms of carcinogenesis, properties, use, produc-
tion, exposure, and regulations is common to all four listed HCAs
and therefore is combined into one section following the discussions
of cancer studies.

Note on Cancer Studies of Selected HCAs in Humans

Epidemiological evidence suggests that consumption of well-done or
grilled meat may be associated with increased cancer risk in humans.
However, the presence of an individual HCA in cooked meat is highly
correlated with the presence of other HCAs and with many other con-
stituents, including protein, animal fat, nitrosamines, and substances

other than HCAs formed during cooking, such as polycyclic aro-
matic hydrocarbons. Furthermore, the carcinogenic effects of these

HCAs may be inhibited or enhanced by many factors, including in-
teractions of HCA mixtures. It is therefore difficult for human epide-
miological studies to establish associations between cancer risk and

specific HCAs. For each of these four selected HCAs, the data from

epidemiological studies are insufficient to evaluate whether the in-
creased cancer risk is due specifically to consumption of that partic-
ular HCA in food (NTP 2002).

2-Amino-3,4-dimethylimidazo[4,5-f]-
quinoline
CAS No. 77094-11-2

Reasonably anticipated to be a human carcinogen
First listed in the Eleventh Report on Carcinogens (2004)

Also known as MelQ

HsC
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Carcinogenicity
MelQ is reasonably anticipated to be a human carcinogen based on

sufficient evidence of carcinogenicity from studies in experimental
animals and supporting genotoxicity data.

Cancer Studies in Experimental Animals

Oral exposure to MelQ caused tumors at several different tissue sites
in mice and rats. In mice of both sexes, MelQ increased the com-
bined incidence of benign and malignant forestomach tumors (pap-
illoma, squamous-cell carcinoma, and sarcoma). In female mice, it
also caused cancer of the cecum and colon (adenocarcinoma) and
increased the combined incidence of benign and malignant liver tu-
mors (fibrosarcoma and hepatocellular adenoma and carcinoma). In
rats of both sexes, MelQ increased the combined incidence of be-
nign and malignant colon tumors (adenoma and adenocarcinoma)
and caused cancer of the oral cavity and Zymbal gland (squamous-
cell carcinoma). In addition, MelIQ caused skin cancer (squamous-cell
carcinoma) in male rats and cancer of the mammary gland (adeno-
carcinoma) in female rats (NTP 2002).

Cancer Studies in Humans

The evidence from epidemiological studies is inadequate to evaluate

the relationship between human cancer and exposure specifically to

MelQ. In one case-control study, MelQ intake was associated with in-
creased risks for rectal and colon cancer but not for urinary-bladder

or kidney cancer (Augustsson et al. 1999).

2-Amino-3,8-dimethylimidazo[4,5-f]-
quinoxaline
CAS No. 77500-04-0

Reasonably anticipated to be a human carcinogen
First listed in the Eleventh Report on Carcinogens (2004)

Also known as MelQx
CHg

o
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Carcinogenicity
MelQx is reasonably anticipated to be a human carcinogen based on

sufficient evidence of carcinogenicity from studies in experimental
animals and supporting genotoxicity data.

Cancer Studies in Experimental Animals

MelQx caused tumors in two rodent species, at several different tis-
sue sites, and by two different routes of exposure. Oral exposure to
MelQx increased the combined incidence of benign and malignant
liver tumors (hepatocellular adenoma and carcinoma) in mice and
rats of both sexes and the combined incidence of benign and malig-
nant lung tumors (adenoma and adenocarcinoma) in female mice.
It also caused lymphoma and leukemia in male mice. In rats, orally
administered MelQx also increased the combined incidence of be-
nign and malignant Zymbal-gland tumors (sebaceous-gland adenoma
and squamous-cell papilloma and carcinoma) in both sexes, and it
caused skin cancer in males and cancer of the clitoral gland in fe-
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Heterocyclic Amines: 2-Amino-3-methylimidazo[4,5-fiquinoline

males (squamous-cell carcinoma in both cases). Newborn mice ex-
posed to MelQx by intraperitoneal injection developed benign liver
tumors (hepatocellular adenoma). In cynomolgus monkeys, MelQx
administered by stomach tube for 84 months did not cause cancer.
This finding was attributed to a low level of metabolic activation of
MelQx via N-hydroxylation in this species; however, the study period
may not have been long enough for detection of tumors (NTP 2002).

In rats, administration of N-hydroxy-MelQx (a metabolite of
MelQx) by intraperitoneal injection caused soft-tissue tumors at the
injection site (NTP 2002).

Cancer Studies in Humans

The evidence from epidemiological studies is inadequate to evaluate

the relationship between human cancer and exposure specifically to

MelQx. Case-control studies (one study for each tissue site) suggested

that MeIQx may increase the risk of benign colon tumors (adenoma)

(Sinha et af. 2001) and lung cancer (Sinha et al. 2000b). MelQx in-
take was not associated with cancer risk in case-control studies of
urinary-bladder, kidney, or colon cancer (Augustsson et al. 1999). The

results for breast cancer were conflicting, with two studies report-
ing increased risk (De Stefani et al. 1997, Sinha et al. 2000a) and one

study reporting decreased risk (Delfino et al. 2000).

2-Amino-3-methylimidazo[4,5-flquinoline
CAS No. 76180-96-6

Reasonably anticipated to be a human carcinogen
First listed in the Tenth Report on Carcinogens (2002)

Also known as IQ

NS N
[ T m
\\/\\ N
Carcinogenicity
1Q is reasonably anticipated to be a human carcinogen based on suf-

ficient evidence of carcinogenicity from studies in experimental an-
imals.

Cancer Studies in Experimental Animals

IQ caused tumors in several species of experimental animals, at sev-
eral different tissue sites, and by several different routes of exposure.
In rats of both sexes, oral exposure to IQ caused cancer of the liver
(hepatocellular carcinoma), large intestine (adenocarcinoma), and
Zymbal gland (squamous-cell carcinoma). It also caused cancer of the
mammary gland (adenocarcinoma) and clitoral gland (squamous-cell
carcinoma) in female rats and cancer of the small intestine (adeno-
carcinoma) and skin (squamous-cell carcinoma) in male rats. In mice
of both sexes, oral exposure to IQ increased the combined incidences
of benign and malignant tumors of the liver (hepatocellular adenoma
and carcinoma), forestomach (papilloma and squamous-cell carci-
noma), and lung (adenoma and adenocarcinoma). Newborn mice
administered IQ by intraperitoneal injection developed benign and
malignant liver tumors (hepatocellular adenoma and carcinoma).
Male rats adminstered IQ by intrarectal infusion developed cancer
of the colon (carcinoma) and skin (squamous-cell carcinoma) and
benign liver tumors (hepatocellular adenoma). In cynomolgus mon-
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keys, IQ administered orally caused liver cancer (hepatocellular car-
cinoma) (NTP 1999),

Cancer Studies in Humans

The evidence from epidemiological studies is inadequate to evaluate
the relationship between human cancer and exposure specifically to
IQ. One case-control study suggested that IQ intake increased the
risk of breast cancer (De Stefani ef af. 1997), but another case-control
study found no association between IQ and cancer of the colon, rec-
tum, urinary bladder, or kidney (Augustsson et al. 1999).

2-Amino-1-methyl-6-phenylimidazo[4,5-b]-
pyridine

CAS No. 105650-23-5

Reasonably anticipated to be a human carcinogen

First listed in the Eleventh Report on Carcinogens (2004)
Also known as PhIP

Carcinogenicity
PhIP is reasonably anticipated to be a human carcinogen based on

sufficient evidence of carcinogenicity from studies in experimental
animals and supporting genotoxicity data.

Cancer Studies in Experimental Animals

PhIP caused tumors in two rodent species, at several different tissue
sites, and by two different routes of exposure. Oral exposure to PhIP
caused lymphoma in mice of both sexes and in male rats. In rats, it
also caused prostate cancer (carcinoma) and cancer of the small in-
testine and colon (adenocarcinoma) and in males and mammary-
gland cancer (adenocarcinoma) in females. In a short-term study
using mice with a mutation that made them susceptible to intestinal
and mammary-gland tumors, oral administration of PhIP increased
the combined incidence of benign and malignant tumors of the small
intestine (adenoma and adenocarcinoma) in males. PhIP adminis-
tered to newborn male mice by intraperitoneal injection caused be-
nign liver tumors (hepatocellular adenoma) (NTP 2002).

N-hydroxy-PhIP (a metabolite of PhIP) administered by intraperi-
toneal injection caused intestinal polyps in Apc knockout mice (which
are unable to produce the tumor-suppressor protein APC). In ACl/
Seg rats (a strain with high spontaneous incidence of prostate can-
cer) administered N-hydroxy-PhIP by intraperitoneal injection, the
incidences of colon tumors and rare urinary-bladder tumors were in-
creased, though not significantly (NTP 2002).

Cancer Studies in Humans

The evidence from epidemiological studies is inadequate to evaluate
the relationship between human cancer and exposure specifically to
PhIP. Case-control studies suggest that PhIP may increase the risk
of breast or stomach cancer. However, the association with stom-
ach cancer was based on only one study (De Stefani et al. 1998), and
the association with breast cancer was found in two of three studies
(De Stefani et al. 1997, Delfino et al. 2000, Sinha et al. 2000a). No
association between PhIP intake and cancer risk was found in case-
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control studies of urinary-bladder, kidney, lung, colon, or prostate
cancer (Augustsson et al. 1999, Norrish et al. 1999, Sinha et al. 2000Db).
PhIP intake was associated with increased risk of benign colon tu-
mors (adenoma) in one study, but the risk was not significantly in-
creased when the statistical analysis controlled for intake of other
HCAs (Sinha et al. 2001).

Heterocyclic Amines (Selected)

Studies on Mechanisms of Carcinogenesis

Studies have consistently shown that MelQ, MelQx, 1Q, and PhIP
cause mutations in most test systems, including bacteria, rodents
exposed in vivo, and cultured rodent and human cells. Moreover,
compared with other well-known mutagens, such as benzo[a]pyrene,
these HCAs show a high degree of potency. MelQ, MelQx, IQ, and
PhIP also caused sister chromatid exchange, micronucleus forma-
tion, and unscheduled DNA synthesis, and most of these HCAs in-
duced DNA damage and chromosomal aberrations in in vivo studies
in rodents and in in vitro studies with human and rodent cell cultures
(IARC 1993, NTP 2002).

When ingested by humans or administered orally to experimental
animals, HCAs are readily absorbed and rapidly distributed. They are
metabolized by both phase I (activation) and phase II (conjugation)
enzymes. The major phase I activation pathway is N-hydroxylation
by the enzyme CYP1A2 (a member of the cytochrome P450 family).
Further activation by phase II enzymes, in the liver or in other tis-
sues, is necessary for formation of the arylnitrenium ion, which ul-
timately binds to DNA (NTP 2002).

HCA-induced DNA adducts have been characterized and detected
in humans and other mammalian species both in vitro and in vivo, and
the major adduct for each HCA is similar in all species examined. In
humans, DNA adducts form at dietarily relevant levels of HCA ex-
posure and usually are present at higher frequencies than in rodents
administered an equivalent dose. HCA-induced adducts have been
identified in human colon tissue, breast tissue, and prostate tumors.
The DNA adduct data indicate that metabolic activation of HCAs is
more efficient in humans than in experimental animals and that rapid
acetylators (individuals who produce an efficient version of the en-
zyme N-acetyltransferase) may be at higher risk of cancer than slow
acetylators (individuals who produce less-efficient versions of this
enzyme). In studies with experimental animals, HCA-induced DNA
adducts were formed in a dose-dependent manner and were associ-
ated with carcinogenesis (NTP 2002).

Mutations involving guanine (such as G:C to T:A transversions)
have been detected in proto-oncogenes and tumor-suppressor genes,
including Ki-ras, Ha-ras, Apc, p53, and P-catenin, suggesting that
HCA-induced adducts are involved. The observed mutation patterns
provide evidence for a mutational profile or “fingerprint” for PhIP-
induced colon tumors and MelQ-induced forestomach and Zymbal-
gland tumors in mice (NTP 2002).

Properties

MelQ, MelQx, IQ, and PhIP are heterocyclic amines formed by con-
densation of creatinine with amino acids during the cooking of meat.
(Creatinine is a breakdown product of creatine, an important constit-
uent of muscle.) All of these HCAs share a common imidazole ring
structure with an exocyclic amino group and, therefore, are known
chemically as amino-imidazoazaarenes. Most HCAs, including Mel(Q,
MelQx, and IQ, are fully planar aromatic structures with no bulky
out-of-plane functionalities; however, PhIP possesses a phenyl moiety
that is not necessarily coplanar with the main bicyclic imidazopyri-
dine. All of these HCAs occur as crystalline solids and are soluble in
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dimethylsulfoxide or methanol. Physical and chemical properties of
MelQ, MelQx, IQ, and PhIP are listed in the following table.

Property MelQ MelQx IQ PhiP

Molecular weight  212.2 2132 198.2 224.1

Color paleorange yellow-green lighttan  gray-white
to brown

Melting point (°C) 296 to 298 295 to 300 > 300 32710328

Log K, 1.822

Extinction 48,000 at 41,000 at 51,500at 19,400at

coefficient 265 nm 273 nm 264 nm 316 nm

Sources: IARC 1993, Knizeetal 1995.

Use

MelQ, MelQx, IQ, and PhIP have no known commercial uses (JARC
1993).

Production

MelQ, MelQx, IQ, and PhIP are produced in small quantities for re-
search purposes (IARC 1993). They are formed naturally during the

cooking of muscle-derived foods (meat and fish) as by-products of
the Maillard (or browning) reaction (Robbana-Barnat et al. 1996, Fel-
ton et al. 2000). It is postulated that the amino-imidazo part of HCAs

is formed from creatine, while the remaining parts of the compound

are likely formed from Strecker degradation products, such as pyr-
idines or pyrazines, which are formed in the Maillard reaction be-
tween hexose sugars and amino acids (Jagerstad et al. 1984, Skog et al.
1998). Formation of HCAs in food reportedly is affected by temper-
ature, processing time, acidity, precursor concentrations, and types

of amino acid present (Keating et al. 1999). In general, higher tem-
peratures and longer cooking times increase the amount of HCAs

produced (Knize et al. 1994, Skog et al. 1995). HCA formation also

increases with cooking methods that use direct or efficient transfer
of heat from the source to the food; frying or grilling of muscle meats

produces more HCAs than do indirect-heat methods such as stew-
ing, steaming, or poaching (Layton et al. 1995).

Exposure

Exposure to MelQ, MelQx, IQ, or PhIP occurs primarily through the
consumption of cooked meats; however, HCAs have also been de-
tected in processed food flavorings, beer, wine, and cigarette smoke.
Dietary exposure to total HCAs has been estimated to range from
less than 1 to 17 ng/kg of body weight per day (Layton et al. 1995).

Total HCA concentrations in cooked meat generally range from
less than 1 to about 500 ng/g (0.001 to 0.5 ppm) but usually are less
than 100 ng/g (Layton et al. 1995, Sinha et al. 1995, 1998a, 1998b,
Knize et al. 1998, Salmon et al. 2000). Pan residues usually contain
higher HCA concentrations than the meat itself; therefore, gravy
made from meat drippings and grease may have relatively high con-
centrations of HCAs. In four studies (reviewed by Keating et al. 1999),
total daily HCA intakes (including MelQx, IQ, and PhIP, but not
MelQ) ranged from 160 to 1,800 ng per person. In general, the dietary
intake of these four HCAs is greatest for PhIP, followed by MelQx,
IQ, and MelQ.

As discussed above (under Production), the concentration of
HCAs in food is a function of cooking method; dietary intake is
therefore a function of cooking method, doneness preference, and
consumption frequency (Keating et al. 1999). Several studies have
reported on possible methods for reducing dietary HCA (Skog et al.
1997, Knize et al. 1999, Salmon et al. 2000). Effective methods include
using cooking temperatures below 200°C (392°F), turning meat more
frequently during cooking, precooking meat in a microwave oven for
at least two minutes and draining off the liquid before conventional
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cooking, and applying marinades before grilling. However, some mar-
inades are more effective than others; PhIP and MelQx concentra-
tions were reduced by teriyaki sauce or turmeric-garlic sauce, but in-
creased by a honey barbecue sauce (Nerurkar et al. 1999).
Occupational exposure to HCAs may occur by inhalation of aero-
solized particles formed during the cooking process. PhIP and MelQx
were detected in smoke condensate formed during frying of beef pat-
ties and bacon (Thiébaud et al. 1995), and MelQx was detected in
aerosol from cooking of stir-fried fish (Yang et al. 1998). PhIP was
detected in airborne particles, diesel-exhaust particles, and inciner-
ation ash from garbage-burning plants (Manabe et al. 1993).
Specific exposure information for each of these four HCAs follows.

MeiQ

MelQ is found less frequently in food and generally at lower concen-
trations than are other HCAs, including MelQx, PhIP, and IQ. The
highest concentrations were detected in cooked fish, ranging from
0.03 to 72 ng/g; the concentrations were highest in grilled sun-dried
sardines and lower in fried or broiled fish (IARC 1993, Lynch et al.
1995). MelQ was found at low levels or was not detectable in cooked
beef, pork, or chicken; various studies reported concentrations rang-
ing from 0.02 ng/g (in pork) to 1.7 ng/g (in well-done bacon) (Jo-
hansson and Jagerstad 1994, Lynch et al. 1995). It was also detected
in gravy, coffee beans, and cigarette smoke. In a Swiss population,
daily MelQ intake was estimated to be 0.6 ng/kg of body mass (Zim-
merli ef al. 2001).

MelQx

MelQx has been detected in beef, pork, chicken, and fish. The highest

concentrations were found in well-done grilled chicken, beef (ham-
burger or steak), and bacon. Very-well-done grilled or barbecued

chicken contained 9 ng/g, and very-well-done oven-broiled or pan-
fried skinless, boneless chicken breasts contained 3 ng/g (Sinha et al.
1995). In one study, MeIQx concentrations in beef ranged from non-
detectable to 8.2 ng/g in steak and from nondetectable to 4.6 ng/g

in hamburger patties, depending on the cooking method and degree

of doneness (Sinha et al. 1998b). Another study found that fish con-
tained about 1.2 ng/g (Johansson and Jagerstad 1994). Pork, other

than bacon, contains very little MelQx; MelQx was detected at 0.9

to 18 ng/g in bacon and 1.4 to 27 ng/g in bacon fat (Gross et al. 1993).
MelQx also occurs in processed food flavors (bouillon and gravy con-
centrates) and wine. In three large U.S. cohort studies (two Nurses’
Health Studies and the Health Professionals Follow-Up Study), es-
timated mean daily intake of MelQx ranged from 33 to 44.8 ng/g of
food consumed (Byrne et al. 1998). Daily MelQx intake was estimated

to be 2.61 ng/kg of body mass (Layton et al. 1995). MelQx also has

been found in air and surface water.

Q

IQ was originally isolated from broiled fish, fried ground beef, and
beef extracts. It has since been detected in fried chicken, fried eggs,
fried fish, broiled ground beef, minute steaks, meatballs, pork chops,
and cigarette smoke condensate. Reported concentrations in foods
range from less than 0.1 to more than 150 ng/g, with most less than
1 ng/g (ARC 1993, Skog et al. 1995, Chiu et al. 1998). However, Sinha
et al. (1998b) did not detect IQ in hamburgers, steaks, or roast beef
cooked by varying methods to three levels of doneness. The highest
reported 1Q concentration occurred in broiled sun-dried sardines.
Daily IQ intake from meat and fish was estimated to be 0.28 ng/kg
of body mass (Layton et al. 1995).
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Phip

PhIP is the most abundant HCA detected in foods and has been

found in beef, pork, chicken, lamb, and fish. The highest concen-
trations were detected in very-well-done grilled chicken; however,
concentrations varied considerably from study to study. High con-
centrations (over 100 ng/g) were found in well-done steak and ham-
burgers. Concentrations of PhIP in fish varied greatly according to the

type of fish and method of cooking; one study reported levels rang-
ing from 1.7 to 73 ng/g in salmon cooked at 200°C by various meth-
ods (pan broiled, oven cooked, or barbecued) for various lengths of
time (Gross and Griiter 1992), but another study (Skog et al. 1997) re-
ported substantially lower levels (0.02 to 2.2 ng/g) for cod and Baltic

herring fillets pan fried at temperatures ranging from 150°C to 225°C.
PhIP was found at lower concentrations in pork (0.1 to 2.3 ng/g). It

was also detected in processed food flavors, beer, and wine at con-
centrations ranging from 0.01 to 480 ng/g and in cigarette smoke. In

the same three large U.S. cohort studies cited above for MelQx, mean

daily PhIP intake ranged from 285.5 to 457 ng/day (Byrne et al. 1998).
Daily PhIP intake was estimated to be 17 ng/kg of body mass (Lay-
ton et al. 1995). PhIP has also been found in air and surface water.

Regulations

No regulations or guidelines relevant to reduction of exposure to het-
erocyclic amines were identified.
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Hexachlorobenzene
CAS No. 118-74-1

Reasonably anticipated to be a human carcinogen

First listed in the Third Annual Report on Carcinogens (1983)

Cl
Cl Cl

Cl Cl

Cl
Carcinogenicity
Hexachlorobenzene is reasonably anticipated to be a human carcin-
ogen based on sufficient evidence of carcinogenicity from studies in
experimental animals.
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Cancer Studies in Experimental Animals

Oral exposure to hexachlorobenzene caused tumors in several ro-
dent species and at two different tissue sites. Dietary administration
of hexachlorobenzene caused liver tumors (hepatocellular tumors)
in female rats and mice and in hamsters of both sexes. In hamsters of
both sexes, it also caused blood-vessel tumors in the liver (hemangio-
endothelioma) and benign thyroid-gland tumors (follicular-cell ade-
noma) (IARC 1979, Smith and Cabral 1980).

Since hexachlorobenzene was listed in the Third Annual Report
on Carcinogens, additional studies in rats have been identified. Di-
etary exposure caused benign and malignant liver tumors (bile-duct
adenoma and hepatocellular carcinoma) and benign blood-vessel tu-
mors in the liver (hemangioma) in females and benign kidney tumors
(adenoma) in both sexes. Perinatal exposure to hexachlorobenzene
followed by dietary exposure for up to 130 weeks caused benign liver
tumors (hepatocellular adenoma) in females, benign parathyroid-
gland tumors (adenoma) in males, and benign adrenal-gland tumors
(pheochromocytoma) in both sexes (IARC 1987, 2001).

Cancer Studies in Humans

At the time hexachlorobenzene was listed in the Third Annual Report
on Carcinogens, no epidemiological studies had evaluated the rela-
tionship between human cancer and exposure specifically to hexa-
chlorobenzene. Since then, several case-control studies, mostly of
breast cancer, have been published. The International Agency for Re-
search on Cancer concluded that there was inadequate evidence in
humans for the carcinogenicity of hexachlorobenzene (IARC 2001).
No association between exposure to hexachlorobenzene and breast
cancer risk was found in five small case-control studies or three larger
studies that assessed hexachlorobenzene exposure by measuring it in
biological samples obtained close to the time of breast-cancer diag-
nosis. In a fourth large study, which assessed exposure from banked
serum samples collected prior to diagnosis, breast-cancer risk was
higher among women with higher serum concentrations of hexa-
chlorobenzene than among women with the lowest serum concen-
trations, based on sampling close to the time of diagnosis; however,
no dose-response relationship was observed. No significant associ-
ations between serum hexachlorobenzene concentration and risk of
cancer at other tissue sites were found; however, only one study was
available for each tissue site.

Since the TARC (2001) review, a number of additional studies
have been conducted, mainly of breast cancer and non-Hodgkin’s
lymphoma. Two studies reported significantly higher serum hexa-
chlorobenzene levels in women with breast cancer than in control
subjects (Charlier et al. 2003, 2004), but four other studies found no
significant association between serum hexachlorobenzene level and
breast cancer (Lopez-Carrillo et al. 2002, Pavuk et al. 2003, Iwasaki
et al. 2008, Itoh et al. 2009). One study of non-Hodgkin’s lymphoma
found a significant dose-related risk associated with serum hexachlo-
robenzene (Spinelli et al. 2007), and two studies found a significantly
increased risk among patients with high Epstein-Barr virus antibody
titers (also associated with non-Hodgkin’s lymphoma) (Hardell et al.
2001, 2009). However, no association with non-Hodgkin’s lymphoma
was observed in a study using banked serum samples collected up
to 20 years prior to diagnosis and analyzed for hexachlorobenzene
(Cantor et al. 2003) or in a multicenter study of lymphoma patients
using blood levels of hexachlorobenzene measured close to the time
of diagnosis (Cocco et al. 2008).

Properties

Hexachlorobenzene is a chlorinated aromatic hydrocarbon that exists
as a white needle-like crystalline solid at room temperature (HSDB
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2010). It is practically insoluble in water, sparingly soluble in cold al-
cohol and carbon tetrachloride, and soluble in benzene, chloroform,
ether, and carbon disulfide. It is stable under normal temperatures
and pressures (Akron 2010). It is combustible but it does not ignite
readily. When hexachlorobenzene decomposes, it emits highly toxic
fumes of hydrochloric acid, other chlorinated compounds, carbon
monoxide, and carbon dioxide. Physical and chemical properties of
hexachlorobenzene are listed in the following table.

Property Information
Molecular weight 284.8

Density 2.044 g/cm? at 23°C
Melting point 231.8°C

Boiling point 325°C

Log K,,, 573

Water solubility 4.7 %10 g/L at 25°C
Vapor density relative to air 9.83

Source: HSDB 2010.

Use

No commercial uses of hexachlorobenzene as an end product in the

United States were identified (ATSDR 2002). Previously, it was used

as a seed-treatment fungicide for onions, sorghum, wheat, and other

grains (IARC 1979). All registered pesticide uses in the United States

were voluntarily cancelled in 1984 (ATSDR 2002). Hexachloroben-
zene was also used as a chemical intermediate in dye manufacturing,
in the synthesis of other organic chemicals, and in the production of
pyrotechnic compositions for the military. It was used as a raw ma-
terial for synthetic rubber, as a plasticizer for polyvinyl chloride, asa

porosity controller in the manufacture of electrodes, and as a wood

preservative (IARC 1979, ATSDR 2002).

Production

Commercial production of hexachlorobenzene in the United States
was first reported in 1933 (IARC 1979). In 1975, 3,200 1b of hexachlo-
robenzene was produced, but it has not been produced commercially
in the United States since the late 1970s. In 1972, an estimated 2.5
million to 4.9 million pounds of hexachlorobenzene was produced
in the United States as a by-product of production of other chlori-
nated solvents and pesticides such as tetrachloroethylene, trichlo-
roethylene, carbon tetrachloride, vinyl chloride, atrazine, propazine,
simazine, pentachlorophenol, chlorothalonil, and pentachloronitro-
benzene. In addition, hexachlorobenzene may be formed during com-
bustion of municipal waste or in waste streams from chlor-alkali and
wood-preserving plants (IARC 1979, ATSDR 2002).

In 2002, nine U.S. chemical companies produced hexachloroben-
zene for on-site use and processing, as a by-product, or as an impu-
rity (ATSDR 2002). In 2009, hexachlorobenzene was available from 19
suppliers worldwide, including 14 U.S. suppliers (ChemSources 2010).
U.S. imports of hexachlorobenzene totaled about 5,400 Ib in 1977
and 38,000 Ib in 1982 (ATSDR 2002, HSDB 2010). Imports of hexa-
chlorobenzene and dichlorodiphenyltrichloroethane (DDT) (reported
together) have generally been low since 1989. However, 2.3 million
pounds was imported in 1993 and 4.9 million pounds in 2001, even
though neither hexachlorobenzene nor DDT is used in the United
States (USITC 2010). Imports were zero in 2007 and 11 1b in both
2006 and 2008. U.S. exports in this category have remained at about
1 million pounds or less since 1989, reaching a low of 7,000 Ib in
2008. Reports filed under the U.S. Environmental Protection Agency’s
Toxic Substances Control Act Inventory Update Rule indicated that
U.S. production plus imports of hexachlorobenzene totaled 10,000
to 500,000 1b in 1998 and 2002 (EPA 2004).
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Exposure

Hexachlorobenzene is highly persistent in the environment and highly
resistant to degradation; therefore, the general population may be ex-
posed at low concentrations (ATSDR 2002). When hexachloroben-
zene is released to the environment, it may be taken up by plants and

animals and can bioaccumulate through the food chain. Hexachloro-
benzene has been detected in terrestrial, freshwater, and marine food

chains in the Great Lakes and Arctic regions. Populations with the

greatest potential for exposure include those who ingest fish caught

from contaminated water bodies or who reside near former manu-
facturing or waste-disposal sites.

According to EPA’s Toxics Release Inventory, environmental re-
leases of hexachlorobenzene ranged from over 1 million pounds in
1989 and 1991 to a low of about 12,600 Ib in 1997. In 2008, 49 facil-
ities released at total of 50,636 b of hexachlorobenzene, mostly to
on-site and off-site landfills. The majority of releases came from 5 fa-
cilities, and 12 facilities reported releases of more than 100 Ib (TRI
2010). When hexachlorobenzene is released to air, it tends to remain
mainly in the vapor phase and can therefore be transported great dis-
tances (for example, from temperate to polar regions). When released
to water, hexachlorobenzene is strongly adsorbed to particles and sed-
iment and is not degraded or hydrolyzed (ATSDR 2002). In the Great
Lakes region, hexachlorobenzene was found in drinking and surface
water and, at higher levels, in soil and sediment. In 1972, it was de-
tected in agricultural soils where it had been used as a pesticide, at
lower levels in urban soils, and at higher levels in soils near uncon-
trolled hazardous-waste sites. It was found at high concentrations in
sediments near industrial sites at Galveston Bay, Texas (ATSDR 2002).

In dietary surveys conducted by the U.S. Food and Drug Admin-
istration, the frequency at which hexachlorobenzene was detected
in foods declined from 9% in the early 1980s to less than 2% in 1994
(ATSDR 2002). Consequently, the U.S. average daily intake of hexa-
chlorobenzene through foods declined by a factor of 5 over this pe-
riod. In the FDA Total Diet Study, hexachlorobenzene was detected
in 229 of 1,748 samples (13%) of 42 different foods; the highest con-
centration was found in butter (FDA 2006).

Hexachlorobenzene has been detected in the blood of numerous
groups of people, especially indigenous populations of Arctic regions,
in the blood and breast milk of pregnant and lactating women, and in
the placenta and cord blood. Organochlorine compounds were found
in maternal blood in circumpolar populations in Greenland, Canada,
Alaska, Norway, Sweden, Iceland, Finland, and Russia (Van Oostdam
et al. 2004). In Arctic Canada, hexachlorobenzene was detected in
all samples of maternal blood, and at higher concentrations in blood
from Inuit women than from Caucasian women in the region. Cord-
blood plasma concentrations showed a similar trend (Butler Walker
et al. 2003). Breast-milk concentrations of hexachlorobenzene were
elevated in populations of women who ate contaminated local fish
in New York State and Finland (Greizerstein et al. 1999, Kostyniak et
al. 1999, Fitzgerald et al. 2001, Damgaard et al. 2006). Hexachloro-
benzene was found in all blood samples from pregnant women in an
agricultural community in California (Fenster et 4. 2006). The diet
of the Inuit population in Greenland was studied to determine the
source of the high and increasing concentration of hexachloroben-
zene. The blood levels of hexachlorobenzene in Greenland Arctic pop-
ulations appeared to correlate with consumption of meals containing
seal and whale (Deutch et al. 2004, 2006). Hexachlorobenzene was de-
tected in all adipose tissue samples collected at autopsy from Green-
landers (Dewailly et al. 1999). Hexachlorobenzene was detected in
98% of the blood samples collected from Akwesasne Mohawk youth
living along the St. Lawrence River in New York State and Quebec;
levels were somewhat higher in youths who had been breastfed as
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infants (Schell et al. 2003). In a study of consumers of sport fish in
New York State, the mean blood hexachlorobenzene concentration
was not significantly greater than that of nonconsumers of sport fish
(Bloom et al. 2005).

The National Occupational Exposure Survey (conducted from
1981 to 1983) estimated that 1,038 workers at 10 facilities, including
26 women, potentially were exposed to hexachlorobenzene (NIOSH
1990). The largest numbers of exposed workers were chemical tech-
nicians (467 workers) and their supervisors (187 workers). Occu-
pations with the highest potential for exposure included fungicide
application, organic-chemical synthesis, synthetic-rubber produc-
tion, seed disinfection, pesticide production, and wood preservation.

Regulations

Department of Transportation (DOT)

Hexachlorobenzene is considered a hazardous material, and special requirements have been set for
marking, labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

New Source Performance Standards: Manufacture of hexachlorobenzene is subject to certain provisions
for the control of volatile organic compound emissions.

Urban Air Toxics Strategy: |dentified as one of 33 hazardous air poliutants that present the greatest
threat to public health in urban areas.

Clean Water Act

Effluent Guidelines: Chlorinated benzenes are listed as a toxic pollutant.

Water Quality Criteria: Based on fish or shellfish and water consumption = 0.00028 pg/L; based on fish
or shellfish consumption only = 0.00029 pg/L.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 101b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Characteristic Hazardous Waste: Toxic characteristic leaching procedure threshold = 0.13 mg/L.

Listed Hazardous Waste: Waste codes for which the fisting is based wholly or partly on the presence of
hexachlorobenzene = U127, F024, F025,K016, K018, K030, K042, K085, K149, K150, K151.

Listed as a hazardous constituent of waste.

Safe Drinking Water Act

Maximum contaminant level (MCL) = 0.001 mg/L.

Food and Drug Administration (FDA)

Maximum permissible level in bottled water = 0.001 mg/L.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average {TLV-TWA) = 0.002 mg/m’.
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Hexachloroethane
CAS No. 67-72-1

Reasonably anticipated to be a human carcinogen

First listed in the Seventh Annual Report on Carcinogens (1994)

Cl Cl
\ /
Cl—C—C—Cl
/ \
Cl Cl

Carcinogenicity

Hexachloroethane is reasonably anticipated to be a human carcin-
ogen based on sufficient evidence of carcinogenicity from studies in
experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to hexachloroethane caused tumors in two rodent
species and at several different tissue sites. Administration of hexa-
chloroethane by stomach tube caused liver cancer (hepatocellular
carcinoma) in mice of both sexes and benign and malignant kidney
tumors (renal-tubular adenoma and carcinoma) in male rats (NCI
1978, IARC 1979, NTP 1989). The incidence of benign adrenal-gland
tumors {pheochromocytoma) also was marginally increased in male
rats.

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the relation-
ship between human cancer and exposure specifically to hexachlo-
roethane. Since hexachloroethane was listed in the Seventh Annual

Reporton Carcinogens, one additional epidemiological study has been

identified. In a cohort study of workers at aluminum foundries and

smelters in Sweden, no association was observed between cancer in-
cidence and exposure to hexachloroethane (IARC 1999).

Properties

Hexachloroethane is a chlorinated alkane that exists at room tem-
perature as a colorless crystalline solid with a camphor-like odor. It
is practically insoluble in water, soluble in ethanol, benzene, chloro-
form, and oils, and very soluble in diethyl ether and tetrachloroeth-
ylene (Akron 2009, HSDB 2009). Hexachloroethane is stable under
normal temperatures and pressures and is considered nonflammable;
however, it is incompatible or reactive with alkalis and with metals
such as zinc, cadmium, aluminum, hot iron, and mercury (NIOSH
2005). Physical and chemical properties of hexachloroethane are listed
in the following table.

Property Information

Molecular weight 236.7°

Specific gravity 2.09 at 20°C/4°C?

Melting point 185°C (closed capillary)®

Boiling point 186°C at 777 mm Hg (sublimes)®
Log K., 4.14°

Water solubility 50 mg/L at 25°C°

Vapor pressure 0.21 mm Hg at 20°C*
Vapor density relative to air 8.16°

Sources: *HSDB 2009, °ChemiDplus 2009.

Use

The applications of hexachloroethane have been extensive; however,
industrial uses are diminishing. Hexachloroethane is used primarily
in military smoke munitions (e.g., smoke pots, grenades, cartridges,
and projectiles used to generate “smoke” or “fog”) and in pyrotechnics.
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The estimated average annual use of hexachloroethane from 1966 to

1977 at a major facility manufacturing smoke and pyrotechnic de-
vices was 192,802 1b. In the 1970s, about half of the hexachloroethane

distributed was used to manufacture military smoke-producing and

pyrotechnic devices, 30% to 40% to manufacture degassing pellets to

remove air bubbles from molten ore at aluminum foundries, and 10%

to 20% as an antihelminthic to control liver flukes in sheep and cattle.
The U.S. Food and Drug Administration withdrew approval for the

use of hexachloroethane as an antihelminthic in 1971, and it proba-
bly is no longer used for this purpose (ATSDR 1997). Its use for de-
gassing aluminum also has been almost completely phased out in the

United States (EPA 1999). Other uses in metallurgy include refining

alloys, removing impurities from molten metals, recovering metals

from ores or smelting products, and as a degassing agent for mag-
nesium; however, the European Union began phasing out the use of
hexachloroethane in nonferrous metals in 1998 (EC 1998).

A number of other past uses of hexachloroethane have been iden-
tified, but many of these likely have been discontinued or involve the
use of only limited quantities. Hexachloroethane is used as a labora-
tory chemical and as an ingredient in various fungicidal and insecti-
cidal formulations, extreme-pressure lubricants, and plastics (ATSDR
1997, IARC 1999, HSDB 2009). Other past uses include as a moth
repellent and in the chemical industry as a polymer additive, a plas-
ticizer for cellulose esters, an accelerator, a vulcanizing agent, a pro-
cess solvent in rubber manufacturing, a retardant in fermentation
processes, and a component of submarine paints, and in the produc-
tion of some types of synthetic diamonds. It has also been used asa
component of fire-extinguishing fluids, an additive in combustible
liquids (ignition suppressant), and an inhibitor of the explosiveness
of methane and the combustion of ammonium perchlorate (IARC
1979, 1999, HSDB 2009).

Production

Production of hexachloroethane in the United States for commercial
distribution began in 1921 and ended in 1967 (IARC 1979, ATSDR
1997). Currently, hexachloroethane is produced as a by-product of
industrial chlorination of two-carbon hydrocarbons. It may be used
in-house or recycled in feedstock to produce tetrachloroethylene or
carbon tetrachloride. In 2009, hexachloroethane was produced by
four manufacturers, all in India (SRI 2009) and was available from 35
suppliers, including 20 U.S. suppliers (ChemSources 2009). U.S. im-
ports of hexachloroethane increased from 1.6 million pounds in 1976
to over 2 million pounds in 1977, 2.5 million pounds in 1985, and 4.5
million pounds in 1986 (ATSDR 1997). U.S. imports in the category
of hexachloroethane and tetrachloroethane combined have shown
an erratic pattern but have tended to decline in recent years, from
689,000 kg (1.5 million pounds) in 1989 to 139,000 kg (306,000 1b)
in 2008 (USITC 2009). U.S. exports of hexachloroethane are not ex-
pected (ATSDR 1997). Exports in the category of hexachloroethane
and tetrachloroethane combined reached a high of 11 million kilo-
grams (25 million pounds) in 2005 and declined rapidly to 167,000 kg
(368,000 1b) in 2008 (USITC 2009). Reports filed under the U.S. En-
vironmental Protection Agency’s Toxic Substances Control Act In-
ventory Update Rule indicated that U.S. production plus imports of
hexachloroethane totaled 10 million to 50 million pounds in 1986 and
1994, 1 million to 10 million pounds in 1990, 500,000 Ib to 1 million
pounds in 1998, and 10,000 to 500,000 Ib in 2002 (EPA 2004). In 2006,
the reported quantity was 1 million to 10 million pounds (EPA 2009).

Exposure

The routes of potential human exposure to hexachloroethane are in-
halation, dermal contact, and ingestion (ATSDR 1997, NCI 1978).
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The general population can be exposed to hexachloroethane in the
environment at relatively low levels, primarily from ambient air but
possibly also from drinking water (ATSDR 1997). According to EPA’s
Toxics Release Inventory, environmental releases of hexachloroethane
from 1988 to 2007 ranged from a high of about 360,000 1b in 1994 to a
low of 1,015 Ib in 2004. These data, however, do not include releases
at military facilities, which are exempt from reporting (TRI 2009). Al-
though data on releases at military facilities are limited, a major mil-
itary training facility in Fort Irwin, California, was reported to have
released up to 6,683 kg (14,700 1b) of hexachloroethane from smoke
devices from 1982 to 1984 (ATSDR 1997). In addition to releases to
air from military uses, hexachloroethane may be released through
combustion and incineration of chlorinated wastes, from hazardous
waste sites, and in small amounts during chlorination of sewage ef-
fluent prior to discharge and during chlorination of raw water dur-
ing drinking-water treatment.

Hexachloroethane is relatively persistent in the environment and
has been detected in the atmosphere and in drinking water at low
levels. When released to air, hexachloroethane is stable and is not ex-
pected to react with hydroxyl radicals or ozone (ATSDR 1997, HSDB
2009). Typical background atmospheric levels in the Northern Hemi-
sphere ranged from 5to 7 ppt (48 to 68 ng/m?). When released to sur-
face water or soil, hexachloroethane is most likely to volatilize or to
be adsorbed to soil or sediments; thus, it will have moderate to low
mobility in soil. It has been detected in drinking-water wells near a
toxic waste dump in Tennessee (median concentration = 0.26 pg/L).
Hexachloroethane has also been detected at low levels in surface wa-
ter, biota, ambient soil, sediments, and commercial food products
(ATSDR 1997). Between 1977 and 1979, it was detected in 4 of 14 raw
water samples from drinking-water supply sources. In 1975, it was
measured in finished drinking water at a concentration of 4.4 pug/L
(HSDB 2009). In the early 1980s, it was detected in only 1 of 882 am-
bient surface water samples and in none of 116 fish samples (based
ondata in EPA’s STORET database). However, fish collected in Ohio
in 1980 and 1981 contained hexachloroethane at a concentration of
0.1 mg/kg, and fish from Lake Michigan were reported to contain
hexachloroethane, although concentrations were not reported (HSDB
2009). Some bioconcentration in fish has been reported; however, bio-
magnification through the food chain is unlikely, because hexachloro-
ethane is rapidly metabolized by fish (ATSDR 1997).

Organochlorine pollutants, including hexachloroethane, were
measured in human follicular fluid, serum, and seminal plasma in
couples undergoing in vitro fertilization in Canada (Younglai et al.
2002). Hexachloroethane was found in over half of the samples of fol-
licular fluid, at a mean concentration of 232 pg/mL.

Occupational exposure to hexachloroethane can occur through
inhalation or dermal contact. Military and civilian personnel work-
ing with smoke or pyrotechnic devices that contain hexachloroeth-
ane could be exposed. Most of the hexachloroethane in a smoke pot
or grenade is used up by the smoke-producing reaction, but small
amounts (5% or less) remain after the smoke has formed and could
result in further exposure. One study reported hexachloroethane
concentrations in smoke ranging from 0.64 to 1.26 mg/m> Plasma
concentrations of hexachloroethane in workers exposed to hexachlo-
roethane in loading and packing operations for smoke munitions pro-
duction rose from 0.08 £ 0.14 pg/L to 7.3 + 6.0 ug/L after more than
five weeks of work in those areas, despite the use of protective equip-
ment, including disposable overalls and compressed-air-fed visors or
full-facepiece masks with filters (ATSDR 1997).

Other occupational exposure to hexachloroethane may occur
during its manufacture, transportation, or use. Elevated amounts of
hexachloroethane in the air can result when it is used in aluminum
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foundries as a degassing agent. Industries that may have used hexa-
chloroethane include real estate, paper and allied products, lumber
and wood products, and amusement and recreation services (NIOSH
1978). Occupations with potential exposure to hexachloroethane in-
clude cleaners and charwomen, millwrights, miscellaneous machine
operatives, plumbers and pipefitters, and electricians. The National
Occupational Exposure Survey (conducted from 1981 to 1983) es-
timated that 8,516 workers, including 576 women, potentially were
exposed to hexachloroethane in seven industries (Business Services;
Machinery, Except Electrical; Chemicals and Allied Products; Pri-
mary Metal; Electric and Electronic Equipment; Transportation by
Air; and Printing and Publishing) (NTOSH 1990).

Regulations

Department of Transportation (DOT)

Hexachloroethane is considered a hazardous substance, and special requirements have been set for
transporting hexachloroethane in tank cars.

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.
New Source Performance Standards: Manufacture of hexachloroethane s subject to certain provisions
for the control of volatile organic compound emissions.

Clean Water Act

Effluent Guidelines: Listed as a toxic pollutant.

Water Quafity Criteria: Based on fish and shellfish and water consumption = 1.4 pg/L; based onfish and
shellfish consumption only = 3.3 pg/L.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 100 b.

Emergency Planning and Community Right-To-Know Act

Toxics Release inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Characteristic Hazardous Waste: Toxicity characteristic leaching procedure (TCLP) threshold = 3.0 mg/L.

Listed Hazardous Waste: Waste codes for which the listing is based wholly or partly on the presence of
hexachloroethane = U131, F024, F025, K016, K030, KO73.

Listed as a hazardous constituent of waste.

Occupational Safety and Health Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Permissible exposure limit (PEL) =1 ppm (10 mg/mg).

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value ~ time-weighted average (TLV-TWA) =1 ppm.

National Institute for Occupational Safety and Health (NIOSH)
Recommended exposure limit (REL) = 1 ppm (10 mg/mg).

Immediately dangerous to fife and health (IDLH) limit = 300 ppm.
Listed as a potential occupational carcinogen.
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Hexamethylphosphoramide
CAS No. 680-31-9

Reasonably anticipated to be a human carcinogen
First listed in the Fourth Annual Report on Carcinogens (1985)
Also known as HMPA or hexamethylphosphoric triamide
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Carcinogenicity
Hexamethylphosphoramide is reasonably anticipated to be a human

carcinogen based on sufficient evidence of carcinogenicity from stud-
ies in experimental animals.

Cancer Studies in Experimental Animals

Exposure of rats to hexamethylphosphoramide by inhalation caused
nasal tumors, which are rare in this species. Inhalation of hexamethyl-
phosphoramide caused benign and malignant nasal tumors (pap-
illoma, epidermoid carcinoma, adenoid squamous carcinoma,
transitional-cell carcinoma, and adenocarcinoma) in rats of both
sexes (IARC 1977, Lee and Trochimowicz 1982).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the relation-
ship between human cancer and exposure specifically to hexamethyl -
phosphoramide.
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Properties

Hexamethylphosphoramide is a phosphoric acid amide derivative
that exists at room temperature as a colorless to light-amber mobile
liquid with a spicy odor. It is miscible with water and most organic
liquids but is immiscible with high-boiling-point saturated hydro-
carbons. It is stable at normal temperatures and pressures (Akron
2009, HSDB 2009). Physical and chemical properties of hexamethyl-
phosphoramide are listed in the following table.

Property Information
Molecular weight 179.2°

Specific gravity 1.03 at 20°C*
Freezing point 5°Cto 7°C?

Boiling point 233°C at 760 mm Hg®
Log K, 0.28

Water solubility 1,000 g/L®

Vapor pressure 0.03 mm Hg at 25°C*
Vapor density relative to air 6.18°

Sources: *HSDB 2009, °ChemiDplus 2009, “Akron 2009.

Use

Hexamethylphosphoramide was formerly used by its major U.S.
producer only as a processing solvent for aromatic polyamide fiber
(Kevlar); however, it now has a number of additional uses (IARC
1977, 1999, HSDB 2009). It is used as a solvent for other polymers,
for gases, and for organic and organometallic reactions in research
laboratories. It is also used as a polymerization catalyst, a stabilizer
against thermal degradation in polystyrene, an additive to polyvinyl
and polyolefin resins to protect against degradation by ultraviolet
light, and a color-enhancing agent for the thiocyanate-cobalt com-
plex used for cobalt detection. Hexamethylphosphoramide has been
used as an antistatic agent and a flame retardant and deicing additive
for jet fuels. It also can be used as a flame-retarding additive in lith-
ium-ion batteries; however, it reduces the performance of the bat-
tery (Izquierdo-Gonzales et al. 2004).

Production

In 2009, hexamethylphosphoramide was produced by one manufac-
turer worldwide, in the United States (SRI 2009), and was available
from 21 suppliers, including 14 U.S. suppliers (ChemSources 2009).
No data on U.S. production, import, or export volumes were found.

Exposure

The routes of potential human exposure to hexamethylphosphoramide
are inhalation, ingestion, and dermal contact (HSDB 2009). The ma-
jor source of exposure is probably occupational; however, the general
population potentially could be exposed through release of hexameth-
ylphosphoramide to the environment. No environmental releases of
hexamethylphosphoramide were reported in the U.S. Environmen-
tal Protection Agency’s Toxics Release Inventory (TRI 2009). Hexa-
methylphosphoramide exists in the air solely in the vapor phase and
will be degraded by photochemically produced hydroxvl radicals, with
a half-life of 2 hours (HSDB 2009). If released to soil or water, hexa-
methylphosphoramide may leach rapidly in soil and sediments. It is
not expected to bioconcentrate in aquatic organisms.

EPA evaluated the potential for release of of hexamethylphos-
phoramide into the soil, surface water, and groundwater near a
site in Spruance, Virginia, where hexamethylphosphoramide was
used and disposed of (EPA 1980, 1999). In 1976, disposal of hexa-
methylphosphoramide from the facility directly into the James River
was documented. Up to 48 Ib per month was discharged; however,
surface-water concentrations downstream from the discharge point
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were approximately 0.5 ppb, the lower limit of detection. Solid wastes
from the Spruance site contining hexamethylphosphoramide also had
been disposed of in Anniston, Alabama; evaluation of the disposal
site indicated detectable quantities of hexamethylphosphoramide
in a drainage ditch downstream from the disposal site, in an on-
site groundwater well, and in a well upgradient from the disposal
site, but not in Anniston’s drinking water. The waste was removed
from the disposal site, and remedial actions were taken at the site to
mitigate risks of human exposure (EPA 1980). In 1999, hexamethyl-
phosphoramide was identified as a contaminant in groundwater mon-
itoring wells at the Spruance facility site, in nearby off-site wells at
concentrations of up to 480 pg/L, and in surface water downgradient
from the facility at a concentration of 0.17 pg/L (EPA 1999). Poten-
tial levels of off-site exposure were below levels of concern for hu-
man health and the environment.

Occupational exposure may occur among workers involved in
the production of hexamethylphosphoramide or in its use as a sol-
vent or chemical additive or in the packaging of consumer products.
The National Institute for Occupational Safety and Health estimated
that up to 90% of about 5,000 people who worked in U.S. laborato-
ries that used hexamethylphosphoramide might have been exposed
(NIOSH 1975). The National Occupational Exposure Survey (con-
ducted from 1981 to 1983) estimated that 700 workers (in the Business
Services industry), including 51 women, potentially were exposed to
hexamethylphosphoramide (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.
Comprehensive Environmental Response, Compensation, and Liability Act
Reportable quantity (RQ) = 11b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)
Hexamethylphosphoramide is fisted as a potential occupational carcinogen.
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Human Papillomaviruses:
Some Genital-Mucosal Types

CAS No.: none assigned

Known to be human carcinogens

First listed in the Eleventh Report on Carcinogens (2004)
Also known as HPVs

Carcinogenicity

Some human papillomaviruses (HPVs) of the genital-mucosal type
are known to be human carcinogens based on sufficient evidence of
carcinogenicity from studies in humans.

Cancer Studies in Humans

In epidemiological research, numerous case-control studies have con-
sistently reported strong associations between cervical cancer and
infection with HPV-16, HPV-18, or “high-risk” HP Vs as a class (dis-
cussed under Properties, below). Moreover, several case-control stud-
ies have provided strong evidence of positive associations between
cervical cancer and other individual HPVs, including HPV types 31,
33, 35, 39, 45, 51, 52, 58, and 59 (Mufioz 2000). Cohort studies have
demonstrated that infection with HPV-16 or with high-risk HPVs
as a class occurs before the development of high-grade cervical in-
traepithelial neoplasia (CIN), which is thought to be a precursor of
invasive cancer. The evidence from cohort studies is weaker for in-
dividual high-risk viruses, possibly because they are less common;
among these, the evidence for an association with cervical cancer ap-
pears to be strongest for HPV-18 (NTP 2003). It is unlikely that the
association between HPV infection and cervical cancer is due to other
factors that could increase the risk of cancer, because many studies
included these factors in their analysis, and because of the large mag-
nitude of the odds ratios estimated in the case-control studies. Thus,
these studies demonstrate that some genital-mucosal HPVs cause cer-
vical cancer. In addition to the association with cervical cancer, there
is strong evidence that HPV-16 infection is associated with other ano-
genital cancers, especially cancer of the vulva (NTP 2003). Evidence
also suggests associations between HPV infection and some cancers
of the head and neck and, especially, the soft palate (oropharynx),
tonsils, and back of the tongue and throat (NTP 2003).

Based on testing of tissue specimens from more than 1,000 inva-
sive malignant cervical tumors from women from 22 countries (col-
lected for the International Biological Study of Cervical Cancer), it
was estimated that HPV is present in 99.7% of all malignant cervi-
cal tumors, suggesting that HPV infection may be necessary for de-
velopment of cervical cancer (Walboomers et al. 1999). Nonetheless,
not all individuals infected with HPV develop cervical cancer. Most
HPV infections (about 70%) clear within 1 to 2 vears, and thus con-
fer little risk of cancer. The specific risk factor for cervical cancer ap-
pears to be persistent infection with HPV-16 or other high-risk HPVs.
Whether HPV infections persist probably depends both on viral char-
acteristics, such as greater persistence of specific HPV types or vari-
ants, and on characteristics of the patient, such as sex-hormone lev-
els, smoking behavior, or immune-system status.
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Since human papillomaviruses (some genital-mucosal types) were
listed in the Eleventh Report on Carcinogens, numerous human can-
cer studies on HPVs have been published. The International Agency
for Research on Cancer concluded that HPV types 16, 18, 31, 33, 35,
39,45, 51, 52, 56, 58, 59, and 66 were carcinogenic in humans based
on sufficient evidence for the carcinogenicity of HPV-16 in the cervix,
vulva, vagina, penis, anus, oral cavity, and oropharynx and sufficient
evidence for the carcinogenicity of HPV types 18, 31, 33, 35, 39, 45,
51,52, 56, 58,59, and 66 in the cervix. IARC also concluded that there
was limited evidence for the carcinogenicity of HPV types 6, 11, and
18 in the vulva, penis, and anus; HPV types 6, 11, 16, and 18 in the
larynx; HPV-18 in the vagina; and HPV-16 in the periungual skin (the
skin around the fingernails or toenails) (IARC 2007)

Cancer Studies in Experimental Animals

Because HPV infections are specific to humans, experimental animals
cannot be infected with them. Many studies have investigated the car-
cinogenicity of various animal papillomaviruses both in their natural
host species and in other species. Studies in monkeys, cattle, rabbits,
and sheep have shown that animal papillomaviruses cause cancer in
their natural hosts. Studies in transgenic mice carrying HPV genes
demonstrated that HPV proteins play a role in the development of
abnormal tissue growth (dysplasia) and progression to tumor forma-
tion. Transgenic mice expressing some HPV type 16 or 18 genes and
producing the corresponding viral proteins developed tumors of the
cervix and other tissues (Arbeit et al. 1994, Comerford ef al. 1995).

Studies on Mechanisms of Carcinogenesis

Infection with high-risk HPVs is associated with chromosomal ab-
errations, including abnormal centrosome numbers, chromosomal
imbalances at specific chromosomal regions, and changes in chro-
mosome number, including tetrasomy and other types of aneuploidy
(N'TP 2003).

HPYV can integrate into the DNA of the host cell and can immortal-
ize and transform cells, enabling them to proliferate and form tumors.
Most studies on the mechanisms of HPV carcinogenesis have investi-
gated HPV-16 and HPV-18. HPV types 16, 18, 31, and 33 have been
shown to transform cells, types 16, 18, and 31 to immortalize cells,
and types 16 and 18 to produce proteins that bind to regulatory pro-
teins of the host cell. The HPV proteins E2 and E5 and the long con-
trol region of the HPV genome (discussed under Properties, below)
play a role in HPV-induced cell transformation. However, the HPV
proteins primarily responsible for immortalization and transforma-
tion are E6 and E7, as shown in studies with human and rodent cell
cultures. Studies with transgenic mice expressing the E6 or E7 gene
further support the notion that the E6 and E7 proteins are important
in HPV-associated neoplasia. Both the E6 and E7 proteins alter the
pathways that regulate tissue growth, by interfering with growth re-
ceptors or growth factors; production of cytokines has been shown
to be altered in cells infected with HPV-16. The E6 protein increases
degradation of the p53 tumor-suppressor protein, thereby interfering
with apoptosis. The E7 protein disrupts complexes of the transcrip-
tion factor E2F with the tumor-suppressor protein pRb and related
proteins involved in control of the cell cycle and causes their degra-
dation, altering control of transcription and progression of the cell
cycle. The E7 protein has been shown to cause abnormal synthesis and
duplication of centrosomes, resulting in abnormal mitotic division.

Properties

HPVs of the genital-mucosal type are DNA viruses that infect the gen-
ital skin and genital and non-genital mucosa, sometimes causing gen-
ital warts or cervical abnormalities. They are members of the family
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Papillomaviridae, which consists of species-specific non-enveloped
viruses that infect the squamous epithelium of the skin and mucosal
membranes of animals. More than 100 different HPVs had been iden-
tified by 2004, including viruses that cause skin warts as well as the
genital-mucosal type (Howley and Lowy 2001). The over 40 genital-
mucosal HPVs have been classified as either “high risk” or “low risk”;
high-risk viruses have been associated with cervical cancer in human
epidemiological studies, whereas low-risk viruses have been associ-
ated with genital warts or low-grade CIN (abnormal tissue growth in
the cervical epithelium that is unlikely to progress to cancer). Most
studies have considered HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52,
56, 58, 59, and 68 to be high-risk viruses; some studies also include
other HPVs, most notably HPV-66. Classification of HPVs is based
also on phylogenetic and mechanistic considerations. Most high-risk
viruses have DNA sequences highly similar to those of either HPV-
16 or HPV-18, suggesting that they are closely related to these types.
Studies on the mechanisms of carcinogenesis have shown that high-
risk but not low-risk viruses immortalize human keratinocytes (skin
cells), interact with the tumor-suppressor proteins pRb and p53, and
cause chromosomal aberrations. However, most mechanistic stud-
ies have evaluated only a few HPVs, the majority focusing on HPV-
16 or HPV-18 and a few on HPV-31 or HPV-33.

HPVs are small (about 52 to 55 nm in diameter), consisting of
about 8,000 base pairs of covalently closed, double-stranded DNA.
The viral genome consists of a series of open reading frames, each of
which is a DNA sequence that codes for an HPV protein, and a long
control region, which contains elements that regulate DNA replica-
tion and protein synthesis. Productive infection of cells (leading to
replication of the virus) is linked to their stages of differentiation. Viral
replication can be divided into early and late stages, which occur in
cells at different stages of differentiation. Early stages of replication
(including attachment of the virus to the cell, entry and uncoating,
early gene expression, protein production, and DNA replication)
occur in basal cells. These cells are the voungest, least differentiated
cells and are located in the lower layers of the epithelium; they are the
only dividing cells in the squamous epithelium. Late stages of viral
replication, which include the events leading to production of viral
particles (late gene expression, production of capsid proteins, vege-
tative viral DNA replication, and virus assembly and release), occur
in the terminally differentiating squamous epithelial cells, which are
the oldest, most differentiated cells, in the upper layers of the epi-
thelium. The genes expressed in the early stages of viral replication,
designated E1 through E8, are associated with regulation of tran-
scription (e.g., E2) and cellular proliferation (e.g., E6 and E7). The
genes expressed in the late stages, designated L1 and L2, encode the
two proteins that make up the viral capsid (Howley and Lowy 2001).

Infection, Prevention, and Treatment

Genital-mucosal HPVs infect the cervix, causing lesions of varying
severity, including genital warts, low- and high-grade CIN, and inva-
sive cervical cancer (Einstein and Burk 2001). Low-grade CIN (CIN I)
is a well-differentiated lesion in which the squamous epithelial cells
show alterations characteristic of the cytopathogenic effects of a rep-
licative viral infection, such as the presence of two nuclei or other
nuclear abnormalities and koilocytosis (the presence of cells with ab-
normal nuclei and a hollow appearance resulting from collapse of the
cell’s internal structure). The alterations seen in CIN I are not usually
considered to be precursors of cancer. The majority of CIN I lesions
are transient and resolve spontaneously, but a small percentage may
progress to high-grade CIN or invasive cancer (Jastreboff and Cymet
2002). Both high-risk and low-risk HPVs can cause low-grade CIN
(TARC 1995). High-grade CIN (CIN II or I1I) is characterized by the
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presence of undifferentiated cells above the lower third of the epi-
thelium (extending into the upper layers) and by nuclear crowding,
substantial pleomorphism, loss of tissue organization and cellular
polarity, abnormal mitotic figures, and larger numbers of atypical
cells than observed in low-grade CIN (IARC 1995). High-grade CIN
probably results from persistent HPV infection, and it is more likely
than low-grade CIN to progress to invasive cancer. (CIN III is also
known as carcinoma i# situ, or noninvasive cancer.) Microinvasive
squamous-cell cervical cancer usually arises from high-grade CIN.

Two HPV vaccines are licensed by the U.S. Food and Drug Ad-
ministration and recommended by the Centers for Disease Control
and Prevention (CDC 2010). Both vaccines are effective against HPV
types 16 and 18, which are responsible for most cervical cancer, and
one of the vaccines is also effective against HPV 6 and 11, which cause
genital warts. Both vaccines are given in three doses, with the sec-
ond dose given one to two months after the first and the third dose
six months after the first (CDC 2009). Treatment of HPV infection
depends on the severity of the disease and may involve topical ap-
plications, interferon-related therapies, or excision of the lesion via
laser methods, surgery, or cryotherapy.

Detection

HPV infection is detected by observation of visible lesions or mi-
croscopic changes in cells, by detection of HPV DNA, or by detec-
tion of antibodies against HPV proteins in the blood. Genital warts
(condylomata acuminata) are genital lesions visible to the naked eye;
they have a fleshy red appearance and a raised surface that usually ex-
tends in papillae. Flat condylomata are flat, nonpapillary lesions; they
are more difficult to detect and may be apparent only after swabbing
with acetic acid and colposcopic examination, in which they appear
as white, flat, shiny lesions. The Papanicolaou (Pap) smear, which
involves microscopic examination of stained exfoliated genital cells,
detects koilocytosis and other signs of CIN; it is used to screen for
cervical cancer by detecting high-grade CIN (Trofatter 1997).

The most sensitive and specific method for detecting HPV in-
fection is to test for HPV DNA. DNA testing can be used to detect
a broad spectrum of HPV genotypes (Trofatter 1997). Detection of
HPV DNA signifies present exposure or persistent infection result-
ing from a past exposure. The most sensitive HPV DNA tests are
(1) those based on the polymerase chain reaction and (2) the Hybrid
Capture assay, which is based on the formation of hybrids between
HPV DNA and RNA probes. The most commonly used serologi-
cal tests for HPV infection measure antibodies (immunoglobulin G)
against capsid antigens (most often tested as virus-like particles). Sev-
eral validation studies have estimated the sensitivity of such serolog-
ical tests to be approximately 50%, using detection of HPV DNA as
a standard (Dillner 2000). Because of their low sensitivity, serologi-
cal assays are not recommended for diagnostic use, but they are use-
ful for comparison of groups in epidemiological studies, which also
commonly use HPV DNA testing. Clinical diagnosis of HPV is most
commonly based on the Hybrid Capture 2 assay.

Exposure

Genital-mucosal HPVs are transmitted primarily through sexual con-
tact with infected cervical, vaginal, vulvar, penile, or anal epithelium
(TARC 1995). This finding is supported by numerous epidemiological
studies demonstrating that HPV infection is associated with behaviors
related to sexual activity. Numerous studies of HPV in women have
reported a positive association between lifetime number of sex part-
ners and HPV seropositivity (Sun et al. 1999, Silins et al. 2000) or the
presence of HPV DNA (Franco et al. 1995, Kjeer et al. 1997, Lazcano-
Ponce et al. 2001). Recent sexual activity, the number of sex partners,
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frequency of sexual intercourse, and presence of genital warts on sex
partners are strong predictors of HPV infection, as indicated by HPV
DNA testing (Franco et al. 1995, Ho et al. 1998). The role of men in
carrying HPV infection from one woman to another has been dem-
onstrated in studies showing that cervical cancer is relatively more
frequent among wives whose husbands have detectable HPV DNA
in their penis or whose husbands have had more extramarital part-
ners (Bosch et al. 1996). Penile lesions containing the DNA of high-
risk HPVs are frequent among male sex partners of women with CIN
(Bleeker et al. 2002). There are conflicting reports as to whether HPV
is transmitted at birth or perinatally. Infants exposed perinatally to
HPV-11, or less commonly to HPV-6, may develop a rare benign tu-
mor of the airway called juvenile-onset recurrent respiratory papil-
lomatosis (Shoultz et al. 1997).

HPV infection is one of the most common sexually transmitted
diseases. It appears that the majority of those infected have no symp-
toms, and it is estimated that 20 million people in the United States
are infected with HPV (CDC 2001). The percentage of infected indi-
viduals (prevalence) is highest among those who are young and sex-
ually active. U.S. epidemiological studies based on HPV DNA testing
indicate that between 25% and 40% of sexually active women aged
15 to 25 are infected (Lowy and Howley 2001). Among all U.S. men
and women aged 15 to 49, the estimated prevalence of HPV infec-
tion (based on HPV DNA testing) is 10% to 20%, whereas only 1%
have genital warts, and 4% show cellular abnormalities associated
with HPV infection (Koutsky 1997). For most populations of mixed
age groups, the prevalence of HPV infection has been estimated at
5% to 15%. HPV-16 appears to be the most prevalent type worldwide
(Jastreboff and Cymet 2002). In a study of women aged 18 to 40 with
no history of high-grade CIN, among whom the prevalence of HPV
was 39%, high-risk HPVs were more common (occurring in 26.7% of
women) than low-risk HPVs (occurring in 14.7%) (Pevton et al. 2001).

In 2000, CDC estimated the number of new genital HPV cases
per vear (incidence) to be 5.5 million (CDC 2001). In the general
population of Rochester, Minnesota, the average age- and gender-
adjusted incidence of genital warts increased from 13 per 100,000 in
the early 1950s to 106 per 100,000 in the late 1970s. During this pe-
riod, the U.S. incidence of other sexually transmitted diseases also
increased dramatically (IARC 1995, Shoultz et al. 1997). Several fol-
low-up studies reported very high incidences of HPV infection (as
detected by HPV DNA testing) among young, sexually active indi-
viduals, with three-year cumulative incidences ranging from 43% to
55% (Ho et al. 1998, Moscicki et al. 2001).

In most women infected with HPV (70%), the infection clears
within 12 to 24 months (Franco et al. 1999, Dillner 2000). Some stud-
ies have suggested that low-risk HPV infections are more likely to re-
gress than are high-risk HPV infections (Franco et al. 1999, Elfgren
et al. 2000). The immune system plays an important role in HPV in-
fection; immunocompromised patients are at increased risk for per-
sistent HPV infection (Lowy and Howley 2001).

Regulations

No specific regulations or guidelines relevant to reduction of expo-
sure to HPVs were identified.
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Hydrazine and Hydrazine Sulfate
CAS Nos. 302-01-2 and 10034-93-2

Reasonably anticipated to be human carcinogens

First listed in the Third Annual Report on Carcinogens (1983)
H,N— NH,

Carcinogenicity

Hydrazine and hydrazine sulfate are reasonably anticipated to be hu-
man carcinogens based on sufficient evidence of carcinogenicity from
studies in experimental animals.

Cancer Studies in Experimental Animals

Exposure to hydrazine or hydrazine sulfate caused tumors in two ro-
dent species at several different tissue sites and by several different
routes of administration. Most studies of oral exposure used hydra-
zine sulfate. Oral exposure to hydrazine sulfate (either in the drinking
water or by stomach tube) caused benign and malignant lung tumors
(adenoma and adenocarcinoma) in mice and rats of both sexes and
liver cancer in mice of both sexes (hepatocellular carcinoma) and in
male rats (spindle-cell sarcoma). Intraperitoneal injection of hydra-
zine caused lung tumors, myeloid leukemia, and lymphoma (reticu-
Ium-cell sarcoma) in mice of both sexes IARC 1974).

Since hydrazine and hydrazine sulfate were listed in the Third An-
nual Report on Carcinogens, additional studies in rodents have been
identified. Perinatal exposure to hydrazine sulfate caused lung can-
cer (adenocarcinoma) in mice as adults (IARC 1987). Exposure to
hydrazine by inhalation caused benign or malignant nasal tumors
(adenomatous or villous polyps, adenocarcinoma, or squamous-
cell papilloma or carcinoma) in rats and benign tumors of the na-
sal cavity (adenomatous polyps) in male hamsters. A few tumors of
the colon (adenocarcinoma, lelomyoma, and papilloma) and thyroid
(parafollicular-cell adenoma) also were observed in male hamsters at
the highest exposure level and may have been exposure-related (Ver-
not et al. 1985, IARC 1987). Administration of hydrazine sulfate in
the drinking water caused liver cancer (hepatocellular carcinoma) in
hamsters (IARC 1999).

Cancer Studies in Humans

No excess risk of cancer was found in a small cohort study of 423 men
engaged in the manufacture of hydrazine (Roe 1978). Since hydra-
zine and hydrazine sulfate were listed in the Third Annual Report on
Carcinogens, additional epidemiological studies have been identified.
The International Agency for Research on Cancer concluded in 1999
that the evidence for the carcinogenicity of hydrazine from studies
in humans was inadequate. No excess risk of cancer mortality was
found in a follow-up of the Roe cohort (Wald et al. 1984, Wald 1985)
or in a small retrospective cohort study of 427 workers in a hydra-
zine plant (Morris et al. 1995). Since the 1999 IARC review, studies
of two additional cohorts have been identified. A significant dose-
response relationship between hydrazine exposure and lung-cancer
incidence and mortality and a significant increase in colorectal-cancer
incidence were found among aerospace workers, of whom about one
fourth potentially were exposed to hydrazine, 1-methylhydrazine, or
1,1-dimethylhydrazine in rocket fuel (Ritz et al. 1999, 2006). No asso-
ciation between smoking and hydrazine exposure was observed for
a subset of these workers, and risk estimates were adjusted for po-
tentially confounding occupational exposures. No significant associ-
ation between cancer mortality and potential exposure to hydrazine
was found in a retrospective cohort study of workers at a rocket en-
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gine testing facility, of whom 315 likely had been exposed to hydra-
zines (Boice Jr. et al. 2006).

Properties

At room temperature, hydrazine is a colorless oily liquid with a pen-
etrating ammonia-like odor, and hydrazine sulfate is a white crys-
talline solid (HSDB 2009). Hydrazine is miscible with methyl, ethyl,
propyl, and butyl alcohols, slightly miscible with hydrocarbons and
halogenated hydrocarbons, and insoluble in chloroform and ether.
Hydrazine sulfate is soluble in water but practically insoluble in eth-
anol. Both compounds are thermally unstable (Akron 2009). Physi-
cal and chemical properties of hydrazine and hydrazine sulfate are
listed in the following table.

Property Hydrazine Hydrazine Sulfate
Molecular weight 3241 130.1

Specific gravity 1.0036 at 25°C/4°C 1.378

Melting point 2.0°C 254°C

Boiling point 1135°Cat760mmHg  NR

Log K, -2.07 NR

Water solubility 1,000 g/L 34.1g/L

Vapor pressure 14.4 mm Hg at 25°C NR

Dissociation constant (pK,) 7.96 6.7

Source: HSDB 2009. NR = Not reported.

Use

Hydrazine is used primarily as a chemical intermediate to produce
agricultural chemicals and chemical blowing agents, as a corrosion
inhibitor and water-treatment chemical, and as a rocket propellant.
In the early 1980s, 40% of hydrazine was used in agricultural chem-
icals, 33% in blowing agents, 15% as a corrosion inhibitor, and 5%
as a rocket propellant (ATSDR 1997). It has been used for plating
metals on glass and plastics, in fuel cells and solder fluxes, as a re-
ducing agent in electrode-less nickel plating, as a chain extender in
urethane polymerizations, and as a reducing agent in extraction of
plutonium from nuclear reactor waste. It has also been used to pro-
duce photography chemicals, textile dyes, heat stabilizers, explosives,
hydrazine sulfate, and antituberculants and other pharmaceuticals
(Sax and Lewis 1987, ATSDR 1997, HSDB 2009).

Hydrazine sulfate has been used in refining rare metals, as an
antioxidant in soldering flux for light metals, in analytical tests for
blood, as a reducing agent in the analysis of minerals and slag, in the
preparation of hydrazine hydrate, in the manufacture of chemicals,
in condensation reactions, as a catalyst in making acetate fibers, as
a fungicide and germicide, in the analysis of minerals, and in the de-
termination of arsenic in metals (HSDB 2009b).

Production

U.S. production capacity for hydrazine hydrate was estimated at 55
million pounds in 1988, and production capacity for hvdrazine so-
lutions was 36.3 million pounds in 1992 (IARC 1999). In 2009, hy-
drazine was produced by three manufacturers worldwide, including
one in the United States, and hydrazine sulfate by 14 manufacturers,
including one in the United States (SRI 2009). Hydrazine was avail-
able from 27 suppliers, including 19 U.S. suppliers, and hydrazine
sulfate from 34 suppliers, including 20 U.S. suppliers (ChemSources
2009). U.S. imports in the category “hydrazine and hydroxylamine
and their salts” generally increased from 1989 to 2008, reaching a
low of 2 million kilograms (4.4 million pounds) in 1993 and a high of
23.5 million kilograms (51.8 million pounds) in 1999 (USITC 2009).
During this period, U.S. exports in this category fluctuated but gen-
erally declined, from a high of 20.3 million kilograms (44.7 million
pounds) in 1997 to a low of 2.4 million kilograms (5.3 million pounds)
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in 2008. Reports filed in 1986 and 1990 under the U.S. Environmen-
tal Protection Agency’s Toxic Substances Control Act Inventory Up-
date Rule indicated that U.S. production plus imports of hydrazine
totaled 10,000 to 500,000 Ib. No reports for hydrazine were filed in
1994 or 1998, but reports filed in 2002 and 2006 indicated quantities
of 1 million to 10 million pounds (EPA 2004, 2009). Inventory up-
date reports were filed for hydrazine sulfate only in 1990, indicating
a total quantity of 10,000 to 500,000 1b (EPA 2004).

Exposure

The primary routes of potential human exposure to hydrazine are in-
gestion, inhalation, and dermal contact (HSDB 2009). The exposure
potential for the general population is low, but exposure may occur
through inhalation of cigarette smoke or ingestion of trace amounts
in processed foods. Hydrazine has been detected in cigarette smoke
at a concentration of 32 pg per cigarette (PHS 1982). Hydrazine sul-
fate may be ingested intentionally, as it has been studied as a treat-
ment for cancer (NCI 2008).

Hydrazine and hydrazine sulfate may be released to the environ-
ment through production, use, and waste disposal (ATSDR 1997,
HSDB 2009). EPA’s Toxics Release Inventory reported that in 2007, en-
vironmental releases of hydrazine from 23 facilities totaled 16,759 Ib,
14,570 1b of which was released by one facility to underground in-
jection wells. Releases of hydrazine sulfate between 1988 and 2003
ranged from 24,000 Ib (in 2001) to 356,172 Ib (in 1988), with no ma-
jor long-term trend. Almost all hydrazine sulfate was released to un-
derground injection wells; a small amount was released to air. No
releases of hydrazine sulfate were reported after 2003 (TRI 2009). In
most environmental media, hydrazine is rapidly degraded by oxida-
tion. High concentrations of hydrazine are toxic to microorganisms,
but at low concentrations, biodegradation may occur. Use of hydra-
zine in boiler water treatment may result in its brief occurrence in dis-
charged waste, where it will be oxidized (ATSDR 1997, HSDB 2009)

Occupational exposure is most likely to occur by inhalation or der-
mal contact where hydrazine or hydrazine sulfate is produced or used
(HSDB 2009). Hydrazine exposure has been documented in the pa-
per, tire-manufacturing, military, and aerospace industries (Helmers
et al. 2004, Korhonen et al. 2004, Ritz et al. 2006, Durmusoglu et al.
2007). In the vulcanization step of tire manufacturing, hydrazine was
measured at concentrations of up to 8.0 mg/m”®, resulting in an es-
timated daily intake of 0.0031 mg/kg of body weight (Durmusoglu
2007). Hydrazine fuels are used for rockets and high-performance
military jet aircraft; exposure of workers refueling these planes has
been reported (Helmers 2004). The National Aeronautics and Space
Administration reported developing a reusable propellant-handler’s
suit that was expected to be the world’s most advanced garment for
protection from chemical agents, especially rocket propellants such
as hydrazine (Doerr 2001). The National Occupational Exposure Sur-
vey (conducted from 1981 to 1983) estimated that 60,490 workers, in-
cluding 2,841 women, potentially were exposed to hydrazine and that
14,330 workers, including 6,716 women, potentially were exposed to
hydrazine sulfate (NIOSH 1990).

Regulations

Department of Transportation (DOT)

Hydrazine is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)
Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Hydrazine is listed as a hazardous air
pollutant.
Prevention of Accidental Release: Threshold quantity (TQ) = 15,000 Ib for hydrazine.

Report on Carcinogens, Twelfth Edition

Hydrazine and Hydrazine Sulfate

Urban Air Toxics Strategy: Hydrazine is identified as one of 33 hazardous air pollutants that present the
greatest threat to public health in urban areas.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 1 b for hydrazine.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Reportable quantity (RQ) = 1 Ib for hydrazine.

Threshold planning quantity (TPQ) = 1,000 Ib for hydrazine.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the listing is based wholly or partly on the presence of
hydrazine = U133.

Hydrazine is listed as a hazardous constituent of waste.

Food and Drug Administration (FDA)

Hydrazine is not permitted in steam in food-treatment processes.

Occupational Safety and Health Administration (OSHA)

While this section accurately identifies 0SHA' legally enforceable PELs for this substance in 2010,

specific PELs may not reflect the more current studies and may not adequately protect workers.
Permissible exposure limit (PEL) = 1 ppm (1.3 mg/m°) for hydrazine.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLV-TWA) = 0.01 ppm for hydrazine.
National Institute for Occupational Safety and Health (NIOSH)
Immediately dangerous to life and health (IDLH) limit = 50 ppm for hydrazine.

Ceiling recommended exposure limit = 0.03 ppm {0.04 mg/m?) (2-h exposure) for hydrazine.
Hydrazine is listed as a potential occupational carcinogen.
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Hydrazobenzene
CAS No. 122-66-7

Reasonably anticipated to be a human carcinogen
First listed in the Second Annual Report on Carcinogens (1981)
Also known as 1,2-diphenylhydrazine

OO

Carcinogenicity
Hydrazobenzene is reasonably anticipated to be a human carcino-

gen based on sufficient evidence of carcinogenicity from studies in
experimental animals.

Cancer Studies in Experimental Animals

Dietary exposure to hydrazobenzene caused tumors in two rodent
species and at several different tissue sites. It caused liver cancer
(hepatocellular carcinoma) in female mice and male rats and benign
liver tumors (hepatocellular adenoma) in female rats. In rats, it also
caused mammary-gland cancer (adenocarcinoma) in females and in-
creased the combined incidence of benign and malignant Zymbal-
gland tumors (squamous-cell papilloma and carcinoma) in males
(NCI 1978). Since hydrazobenzene was listed in the Second Annual
Report on Carcinogens, an additional study in mice has been identi-
fied. Hydrazobenzene administered by intraperitoneal injection to
strain A mice (a strain with a high spontaneous incidence of lung
cancer) caused benign lung tumors (alveolar-bronchial adenoma) in
males, but not in females (Maronpot et al. 1986).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure specif-
icallyto hydrazobenzene. A number of historical occupational cohort
studies of workers in the benzidine-based-dye industry, who may be
exposed to hydrazobenzene (a precursor of benzidine), found signif-
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icantly increased risks of bladder cancer (de Braud et al. 2002). Two
case-control studies reported increased risks of bladder cancer among
workers with potential exposure to chemical dyes, after controlling
for smoking and other variables (Wynder et al. 1963, Anthony and
Thomas 1970}, prompting the National Cancer Institute to evaluate
the carcinogenicity of hydrazobenzene in rodents (NCI 1978). In the
studies of dye workers, hydrazobenzene exposure was not quantified
and could not be distinguished from exposure to other chemicals, in-
cluding benzidine, 2-naphthylamine, and 4~-aminodiphenyl, which
are known human carcinogens associated with bladder-cancer risk.

Properties

Hydrazobenzene is a hydrazine derivative that is a colotless crystal
or tablet at room temperature. It is very soluble in ethanol, slightly
soluble in benzene and deuterated dimethyl sulfoxide, insoluble in
acetic acid, and practically insoluble in water (HSDB 2009). Hydrazo-
benzene is stable under normal temperatures and pressures (Akron
2009). Physical and chemical properties of hydrazobenzene are listed
in the following table.

Property Information
Molecular weight 184.2

Specific gravity 1.158 at 16°C/4°C
Melting point 131°C {decomposes)
Boiling point 293°C at 760 mm Hg
Log K,,, 294

Water solubility
Vapor pressure
Dissociation constant (pK,)

Source: HSDB 2009.

221 mg/L at 25°C
0.00044 mm Hg at 25°C
-0.65

Use

Hydrazobenzene has been used primarily in the dye manufacturing
industry as the precursor of the dye intermediate benzidine (HSDB
2009). It is also used as an intermediate in the manufacture of phar-
maceuticals such as sulfinpyrazone and phenylbutazone, which have
been used to treat gout (Roberts and Morrow 2001, HSDB 2009).
Some minor direct uses of hydrazobenzene are in polymerization
reactions and as an anti-sludging additive to motor oil, desucker-
ing agent for tobacco plants, reductant in the reclamation of rubber,
component of experimental organometallic polymers, and compo-
nent in photochromic resin compositions (HSDB 2009). It is also
used in the manufacture of hydrogen peroxide and has been evalu-
ated for insecticidal activity.

Production

Production of at least 450,000 kg (992,000 1b) of hydrazobenzene was
reported in 1977 (HSDB 2009). Dye-manufacturing facilities pro-
duced additional unknown quantities of hydrazobenzene as an in-
termediate in the production of benzidine, which is formed by the
reduction of nitrobenzene to hydrazobenzene followed by the rear-
rangement of hydrazobenzene to benzidine (NCI 1978). Manufactur-
ing of benzidine-based dyes ceased in 1988 (ATSDR 1990). In 2009,
hydrazobenzene was produced by three manufacturers in India (SRI
2009) and was available from 26 suppliers worldwide, including 15
U.S. suppliers (ChemSources 2009). U.S. imports of hydrazobenzene
were 72,100 kg (158,600 1b) in 1977 and 23,200 kg (51,000 1b) in 1982.

Exposure

The routes of potential human exposure to hydrazobenzene are inha-
lation, ingestion, and dermal contact. The potential for exposure to
hydrazobenzene formerly was greatest in the benzidine-based-dye
industry (NCI 1978, ATSDR 1990). The greatest potential for expo-
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sure now is due to its use as an intermediate in the manufacture of
certain pharmaceutical products. Because phenylbutazone and sul-
finpyrazone can hydrolyze to hydrazobenzene, people who take these
drugs to prevent gout attacks may be exposed to hydrazobenzene
(ATSDR 1990). These drugs are used primarily in veterinary medi-
cine; the extent of their current use in humans is unknown. In 2009,
seven products approved by the U.S. Food and Drug Administration
for use in humans contained sulfinpyrazone as an active ingredient,
but all eleven pharmaceutical products containing phenylbutazone
were listed as discontinued (FDA 2009).

According to the U.S. Environmental Protection Agency’s Toxics
Release Inventory, small quantities of hydrazobenzene have been re-
leased to air, surface water, and landfills. Annual releases of hydrazo-
benzene since 1998 have not exceeded 12 1b except in 2001, when
260 1b was released to an off-site nonhazardous-waste landfill. In
2007, one U.S. facility released 10 Ib of hydrazobenzene to a hazard-
ous-waste landfill (TR12009). Hydrazobenzene can exist in both par-
ticulate and vapor phases in the atmosphere. In the vapor phase, it
degrades by reaction with photochemically produced hydroxyl rad-
icals, with a half-life of 5 hours. In the particle phase, it can be re-
moved by wet and dry deposition. If released to soil or water, it is
expected to bind to soil, suspended solids, and sediment and have
low soil mobility. It is not expected to volatize readily from water or
soil or to bioaccumulate to a large extent in aquatic organisms. Deg-
radation of hydrazobenzene is reversible; hydrazobenzene undergoes
oxidation to azobenzene under aerobic solutions, catalyzed by com-
mon environmental cations such as copper(II) and iron(III). In a mu-
nicipal sewage effluent, the half-life for the decomposition of 100 pg
of hydrazobenzene per liter was 60 minutes if oxygen was removed
from the sewage, but only 15 minutes if the oxygen was not removed
(ATSDR 1990). Hydrazobenzene was detected in 1.2% of 1,205 efflu-
ent samples collected from wastewater treatment plants in a national
survey, at a median concentration of 10 pg/L (HSDB 2009). Hydrazo-
benzene was also found in drinking water at a concentration of 1 pg/L
and was detected in fish taken from the Great Lakes.

The National Occupational Exposure Survey (conducted from 1981
to 1983) estimated that 977 U.S. workers, including 154 women, po-
tentially were exposed to hydrazobenzene (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Poffutants: Listed as a hazardous air pollutant.
Clean Water Act

Water Quality Criteria: Based on fish or shellfish and water consumption = 0.036 pg/L; based on fish or
shelifish consumption only = 0.20 pg/L.

Comprehensive Environmental Response, Compensation, and Liability Act
Reportable quantity (RQ) = 10 Ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the listing is based wholly or partly on the presence of
hydrazobenzene = U109.
Listed as a hazardous constituent of waste.
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lonizing Radiation

introduction

Ionizing radiation is electromagnetic radiation that has sufficient en-
ergy to remove electrons from atoms. Ionization results in the pro-
duction of negatively charged free electrons and positively charged
ionized atoms. Ionizing radiation can be classified into two catego-
ries: photons (X-radiation and gamma radiation) and particles (alpha
and beta particles and neutrons). Five types or sources of ionizing
radiation are listed in the Report on Carcinogens as known to be hu-
man carcinogens, in four separate listings:

+ X-radiation and gamma radiation (included in one listing)
were first listed in the Eleventh Report on Carcinogens (2004).

» Neutrons were first listed in the Eleventh Report on
Carcinogens (2004).

« Radon and its isotopic forms radon-220 and radon-222, which
emit primarily alpha particles, were first listed in the Seventh
Annual Report on Carcinogens (1994).

«» Thorium dioxide, which decays by emission of alpha particles,
was first listed in the Second Annual Report on Carcinogens
(1981).

Below are the profiles for the four ionizing radiation listings, cover-
ing carcinogenicity, properties, use, sources or production, exposure,
and references cited separately for each profile, followed by a list of
regulations and guidelines applicable to all five types or sources of
ionizing radiation listed.

X-Radiation and Gamma Radiation

CAS No.: none assigned
Known to be human carcinogens
First listed in the Eleventh Report on Carcinogens (2004)

Also known as X-rays, gamma rays, and y radiation
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Carcinogenicity
X-radiation and gamma radiation are known to be human carcino-

gens based on sufficient evidence of carcinogenicity from studies in
humans.

Cancer Studies in Humans

Epidemiological studies of radiation exposure provide a consistent
body of evidence for the carcinogenicity of X-radiation and gamma
radiation in humans. Exposure to X-radiation and gamma radiation
is most strongly associated with leukemia and cancer of the thyroid,
breast, and lung; associations have been reported at absorbed doses
ofless than 0.2 Gy (see Properties, below, for explanation of radiation
dose measurement). The risk of developing these cancers, however,
depends to some extent on age at exposure. Childhood exposure is
mainly responsible for increased leukemia and thyroid-cancer risks,
and reproductive-age exposure for increased breast-cancer risk. In
addition, some evidence suggests that lung-cancer risk may be most
strongly related to exposure later in life. Associations between ra-
diation exposure and cancer of the salivary glands, stomach, colon,
urinary bladder, ovary, central nervous system, and skin also have
been reported, usually at higher doses of radiation (1 Gy) (Kleiner-
man et al. 1995, Ron 1998, Ron et al. 1999, Brenner et al. 2000, Gar-
wicz et al. 2000, Lichter et al. 2000, Sont et al. 2001, Yeh et al. 2001,
Bhatia ef al. 2002).

The first large study of sarcoma (using the U.S. Surveillance, Epide-
miology, and End Results cancer registry) (Yap et al. 2002) added an-
giosarcoma to the list of radiation-induced cancers occurring within
the field of radiation at high therapeutic doses. Two studies, one of
workers at a Russian nuclear bomb and fuel reprocessing plant (Gil-
bert et al. 2000) and one of Japanese atomic-bomb survivors (Cologne
et al. 1999), suggested that radiation exposure could cause liver can-
cer at doses above 100 mSv (in the worker population especially with
concurrent exposure to radionuclides). Among the atomic-bomb sur-
vivors, the liver-cancer risk increased linearly with increasing radia-
tion dose. A study of children medically exposed to radiation (other
than for cancer treatment) provided some evidence that radiation ex-
posure during childhood may increase the incidence of lymphoma
and melanoma.

Studies on Mechanisms of Carcinogenesis

X-radiation and gamma radiation have been shown to cause a broad

spectrum of genetic damage, including gene mutations, minisatellite

mutations, micronucleus formation, chromosomal aberrations, ploidy
changes, DNA strand breaks, and chromosomal instability. Genetic

damage by X-radiation or gamma radiation has been observed in hu-
mans exposed accidentally, occupationally, or environmentally, in ex-
perimental animals exposed in vivo, and in cultured human and other
mammalian cells. X-radiation and gamma radiation cause genetic

damage in somatic cells and transmissible mutations in mammalian

germ cells. The DNA molecule may be damaged directly, by interac-
tion with ionizing radiation, or indirectly, by interaction with reactive

products of the degradation of water by ionizing radiation (i.e., free

electrons, hydrogen free radicals, or hydroxyl radicals) (IARC 2000,
NTP 2003). The observed genetic damage is primarily the result of
errors in DNA repair, but may also arise from errors in replication of
damaged DNA. Epigenetic mechanisms that alter the action of genes

also may be involved in radiation-induced carcinogenesis. Proposed

mechanisms for delayed or indirect radiation-induced genetic dam-
age include genomic instability, induction of mutations by irradiation

ofthe cytoplasm of the cell, and “bystander effects,” in which genetic

damage is induced in cells that were not directly exposed to ionizing

radiation, apparently through cell signaling pathways.
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Cancer Studies in Experimental Animals

X-radiation and gamma radiation are clearly carcinogenic in all spe-
cies of experimental animals tested (mice, rats, and monkeys for X-
radiation and mice, rats, rabbits, and dogs for gamma radiation).
Among these species, radiation-induced tumors have been observed
in at least 17 different tissue sites, including sites at which tumors
were observed in humans (i.e., leukemia, thyroid gland, breast, and
lung) (IARC 2000). Susceptibility to induction of tumors depends on
tissue site, species, strain, age, and sex. Early prenatal exposure does
not appear to cause cancer, but exposure at later stages of prenatal
development has been reported to do so. It has been suggested that
radiation exposure of mice before mating increases the susceptibil-
ity of their offspring to cancer; however, study results are conflicting.

Properties

As forms of electromagnetic radiation, X-rays and gamma rays are
packets of energy (photons) having neither charge nor mass. They
have essentially the same properties, but differ in origin. X-rays are
emitted from processes outside the nucleus (e.g., bombardment of
heavy atoms by fast-moving electrons), whereas gamma rays origi-
nate inside the nucleus (during the decay of radioactive atoms). The
energy of ionizing radiation is expressed in electronvolts, a unit equal
to the energy acquired by an electron when it passes through a poten-
tial difference of 1 volt in a vacuum; 1 eV = 1.6 x 1071° J (IARC 2000).

The energy of X-rays typically ranges from 5 to 100 keV. Lower in
energy than gamma rays, X-rays are less penetrating; a few millime-
ters of lead can stop medical X-rays. The energy distribution of X-
radiation is continuous, with a maximum at an energy about one third
that of the most energetic electron. The energy of gamma rays result-
ing from radioactive decay typically ranges from 10 keV to 3 MeV.
Gamma rays often accompany the emission of alpha or beta particles
from a nucleus. Because of scattering and absorption within the ra-
dioactive source and the encapsulating material, the emitted photons
have a relatively narrow energy spectrum (i.e., are monoenergetic).
Gamma rays are very penetrating; they can easily pass through the
human body, but they can also be absorbed by tissue. Several feet of
concrete or a few inches of lead are required to stop the more ener-
getic gamma rays (BEIR V 1990).

As photons interact with matter, their energy distribution is altered
in a complex manner as a result of energy transfer. The amount of en-
ergy deposited by ionizing radiation per unit of path length in irradi-
ated material is called the “linear energy transfer” (LET), expressed
in units of energy per unit length (e.g., kiloelectronvolts per microm-
eter). X-rays and gamma rays are considered low-LET radiation. In
tissue, they transfer their energy primarily to electrons. Compared
with high-LET radiation (such as neutrons and alpha particles), low-
LET radiation tends to follow more tortuous paths in matter, with
more widely dispersed energy deposition.

Use

X-rays, gamma rays, and materials and processes that emit X-rays and
gamma rays are used in medicine, the nuclear power industry, the
military, scientific research, industry, and various consumer products.

Medical use of ionizing radiation in both diagnosis and therapy
has been widespread since the discovery of X-rays by Wilhelm Con-
rad Roentgen in 1895, and radioactive sources have been used in ra-
diotherapy since 1898. Advances in the latter half of the 20th century
increased the use of medical radiation, and some newer techniques,
particularly radiotherapy, computed tomography, positron emission
tomography, and interventional radiation involving fluoroscopy, use
higher radiation doses than do standard diagnostic X-rays. Radia-
tion therapy may involve use of external beams of radiation, typi-
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cally high-energy X-rays (4 to 50 MeV) and cobalt-60 gamma rays
(UNSCEAR 2000).

Military uses of materials and processes that emit X-radiation
and gamma radiation include the production of materials for nuclear
weapons and the testing and use of nuclear weapons. In 1945, atomic
bombs were detonated over Hiroshima and Nagasaki, Japan. Between
1945 and 1980, nuclear weapons were tested in the atmosphere of
the Northern Hemisphere; during the most intense period of test-
ing, from 1952 to 1962, about 520 tests were carried out (IARC 2000).

Several industrial processes use ionizing radiation. Industrial ra-
diography uses gamma radiation to examine welded joints in struc-
tures. In the oil industry, gamma radiation or neutron sources are
used to determine the geological structures in a bore hole (a process
called “well logging”) (NCRP 1989). Ionizing radiation is also used
to sterilize products and irradiate foods (to kill bacteria and para-
sites) (IARC 2000).

Ionization-type smoke detectors contain americium-241, which
emits gamma radiation and alpha particles. In the past, detectors
with up to 3.7 MBq of americium-241 were used in commercial
and industrial facilities, but current smoke detectors contain less
than 40 kBq (IARC 2000). Television sets emit low-energy X-rays
through a process by which electrons are accelerated and bombard
the screen (ATSDR 1999). Other products containing sources of
ionizing radiation (of unspecified types) include radioluminescent
clocks and watches, gaseous tritium light devices (e.g., self-luminous
signs), thoriated gas lamp and lantern mantles, radioactive attach-
ments to lightning conductors, static elimination devices, fluores-
cent lamp starters, porcelain teeth, gemstones activated by neutrons,
and thoriated tungsten welding rods. For all of these products, the
maximum allowable radioactivity is restricted, and radiation from
these products contributes little to overall exposure of the popula-
tion (IARC 2000).

Sources

The most important sources of X-radiation and gamma radiation in-
clude natural sources, medical uses, atmospheric nuclear weapons

tests, nuclear accidents, and nuclear power generation. Ionizing ra-
diation is present naturally in the environment from cosmic and ter-
restrial sources. Cosmic radiation is a minor source of exposure to

X-radiation and gamma radiation; most natural exposure is from ter-
restrial sources. Soil contains radioactivity derived from the rock from

which it originated. However, the majority of radioactive elements are

chemically bound in the earth’s crust and are not a source of radiation

exposure unless released through natural forces (e.g., earthquake or

volcanic activity) or human activities (e.g., mining or construction).
Generally, only the upper 25 cm of the earth’s crust is considered a

significant source of gamma radiation. Indoor sources of gamma ra-
diation may be more important than outdoor sources if earth mate-
rials (stone, masonry) were used in construction (IARC 2000).

Exposure

Biological damage by ionizing radiation is related to dose and dose
rate, which may affect the probability that cancer will occur (IARC
2000). Radiation dose is a measure of the amount of energy deposited
per unit mass of tissue and may be expressed as the absorbed dose,
equivalent dose, or effective dose. The standard unit for absorbed
dose is the gray, which is equal to 1 J/kg of deposited energy. The ab-
sorbed dose formerly was expressed in rads (1 Gy = 100 rads). The bi-
ological effect of high-LET radiation is greater than that of low-LET
radiation at the same absorbed dose; therefore, a dose measurement
independent of radiation type was derived to reflect the biological
effectiveness of radiation in causing tissue damage. The “equivalent
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dose” (also known as the “dose equivalent”) is obtained by multiply-
ing the absorbed dose by a radiation weighting factor (Wp; formerly
called the “quality factor”). Radiation weighting factors are assigned
to radiation of different types and energies by the International Com-
mission on Radiological Protection based on their biological effects
relative to those of a reference radiation, typically X-rays or gamma
rays; Wy ranges from 1 (for low-LET radiation) to 20 (for high-LET
radiation). The standard unit for the equivalent dose is the sievert.
The equivalent dose formerly was expressed in rems (1 Sv =100 rem).
Because Wy = 1 for both X-rays and gamma rays, the absorbed and
equivalent doses are the same (ICRP 1991). Another measurement,
the “effective dose; takes into account the fact that the same equiv-
alent dose of radiation causes more significant biological damage
to some organs and tissues than to others. Tissue weighting factors
(W) are assigned to the various organs and tissue types, and the ef-
fective dose is calculated as the sum of the tissue-weighted equivalent
doses in all exposed tissues and organs in an individual. The effective
dose is expressed in sieverts. The collective radiation dose received
by a given population may be expressed as the “collective equivalent
dose” (also known as the “collective dose equivalent”), which is the
sum of the equivalent doses received by all members of the popula-
tion, or as the “collective effective dose,” which is the sum of the ef-
fective doses received by all members of the population. Both the
collective equivalent dose and the collective effective dose are ex-
pressed in person-sieverts.

All individuals are exposed to ionizing radiation from a variety
of natural and anthropogenic sources. Of the general population’s
exposure to all types of ionizing radiation (not just X-radiation and
gamma radiation), natural sources contribute over 80%; radon gas
and its decay products account for about two thirds of natural expo-
sure, and the other third is from cosmic radiation, terrestrial radia-
tion, and internally deposited radionuclides. The remaining exposure
to ionizing radiation is from anthropogenic sources, such as medical
procedures (15%), consumer products (3%), and other sources (to-
taling less than 1%), which include occupational exposure, nuclear
fallout, and the nuclear fuel cycle (BEIR V 1990). In 2000, the world-
wide estimated average annual per-capita effective doses of ionizing
radiation (of any type) were 2.4 mSv (range = 1 to 20 mSv) for nat-
ural background exposure and 0.4 mSv (range = 0.04 to 1 mSv) for
medical diagnostic exposure. However, in countries with the high-
est level of health care (< 1,000 population per physician), the aver-
age radiation dose from medical X-rays was estimated at 1.2 mSv, or
about half the average natural exposure level. Estimated average an-
nual effective doses from past atmospheric nuclear testing, the nu-
clear power plant accident in Chernobyl, Ukraine, and nuclear power
production were only 0.005 mSv, 0.002 mSy, and 0.0002 mSv, respec-
tively (UNSCEAR 2000).

Radiation exposure from medical uses is much more variable than
that from natural background radiation (even though the latter varies
considerably among locations) because of marked differences in the
quality of medical care among cultures. In the more developed na-
tions, higher percentages of the population receive regular medical
care, and thus exposures from diagnostic radiology and radiother-
apy tend to be higher than in developing nations. Exposure to diag-
nostic X-rays varies but generally is low; plain film examinations of
the chest and extremities involve relatively low effective doses (0.05
to 0.4 mSv), whereas examinations of the abdomen and lumbar spine
or pelvis may result in higher effective doses (1 to 3 mSv). Radiation
therapy uses much larger doses of radiation than do diagnostic pro-
cedures. For example, treatment for leukemia usually involves irra-
diation of the total bone marrow, with absorbed doses of about 10 to
20 Gy delivered in several fractions (UNSCEAR 2000).
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Excluding uranium miners and other workers whose radiation
exposure is individually monitored, about 5 million people world-
wide are occupationally exposed to natural sources of ionizing ra-
diation (of any type) at levels above the natural background. About
75% are coal miners (whose estimated average annual effective dose
is 1 to 2 mSv), about 13% are other underground miners (whose es-
timated average annual dose is 1 to 10 mSv), and about 5% are air-
line crews (who receive an estimated average annual dose of up to
3 mSv). Miners are exposed mainly through inhalation of radon; thus,
they are exposed primarily to alpha particles, but also to gamma ra-
diation. Airline crews are exposed primarily to gamma radiation, but
also to neutrons (UNSCEAR 1993, IARC 2000).

Medical workers may be exposed to many different types of ra-
dionuclides and radiation. In the early 20th century, before radiation
hazards were recognized, radiologists were exposed to high doses of
X-radiation (IARC 2000). The first dose limit established for radiolo-
gists, in 1902, allowed exposure of approximately 30 Gy per year (Ma-
buchi 2002), but doses are now much lower (< 1 mSv) (Mostafa et al.
2002). Other settings with potential for occupational exposure to X-
radiation or gamma radiation include the nuclear industry, military
activities, research laboratories, and various industries where radio-
active materials or radiography are used (IARC 2000).
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Neutrons

CAS No.: none assigned
Known to be a human carcinogen

First listed in the Eleventh Report on Carcinogens (2004)

Carcinogenicity

Neutrons are known to be a human carcinogen based on studies on
their mechanisms of carcinogenesis, which demonstrated that neu-
trons cause genetic damage in humans similar to that caused by X-
radiation and gamma radiation, induce chromosomal aberrations in
humans, and produce gamma radiation when they interact with bi-
ological materials. In addition, there is sufficient evidence of carci-
nogenicity from studies in experimental animals.

Studies on Mechanisms of Carcinogenesis

Neutrons cause a broad spectrum of genetic damage similar to that
caused by X-radiation and gamma radiation, including gene muta-
tions, micronucleus formation, sister chromatid exchange, chromo-
somal aberrations, DNA strand breaks, and chromosomal instability.
Genetic damage by neutron radiation has been observed in humans
exposed occupationally or medically, in experimental animals ex-
posed in vivo, and in cultured human and other mammalian cells.
Studies of humans exposed to neutron radiation showed that in-
duced chromosomal aberrations persisted for decades, and some
cell-culture studies showed genomic instability in the progeny of ir-
radiated human cells (IARC 2000, Littlefield et al. 2000). Many cell-
culture studies have consistently demonstrated that neutron radiation
causes chromosomal aberrations in human peripheral-blood lympho-
cytes more effectively than does gamma radiation (IARC 2000). Re-
ciprocal translocations in male germ cells were observed in rhesus
monkeys.

Although the genetic damage caused by neutron radiation is qual-
itatively similar to that caused by X-radiation and gamma radiation,
it differs quantitatively. Low-energy neutrons, such as fission neu-
trons (those resulting from the splitting of atomic nuclei), are sig-
nificantly more potent carcinogens in experimental animals than is
low-LET radiation, such as X-rays or gamma rays. Types of ionizing
radiation with differing LET differ in their effects on biological tissue;
however, the observed differences are not sufficient to indicate that
the biological effects of high-LET (i.e., neutrons) and low-LET radi-
ation differ qualitatively. In general, neutron radiation induces chro-
mosomal aberrations, mutations, and DNA damage more efficiently
than does low-LET radiation. DNA lesions caused by neutron radi-
ation are more severe and are repaired less efficiently, and neutron
radiation induces higher proportions of complex chromosomal aber-
rations (Pogozelski et al. 1999, Boei et al. 2001, Brenner et al. 2001).
However, there is no conclusive evidence of a signature alteration
that might distinguish tumors induced by high-LET radiation from
those induced by low-LET radiation.

Cancer Studies in Experimental Animals

Neutrons are clearly carcinogenic in all species of experimental ani-
mals tested, including mice, rats, rabbits, dogs, and monkeys. Among
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these species, radiation-induced tumors have been observed in at
least 20 different tissue sites, including sites at which tumors were
observed in humans (i.e., leukemia, thyroid gland, breast, and lung)
(TARC 2000). Susceptibility to induction of tumors depends on tis-
sue site, species, strain, age, and sex.

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to neutron radiation.

Properties

Neutrons are electrically neutral particles found in the nuclei of at-
oms and are similar in mass to protons, which also are present in the
nucleus. Because neutrons have no electrical charge, they do not in-
teract with atomic electrons, but they do interact with atomic nu-
clei. The nuclear force, which holds particles together in the nucleus
and leads to these interactions, has a very short range, which means
that a neutron must pass close to a nucleus for an interaction to take
place. These atomic interactions generate protons, alpha particles,
and other nuclear fragments, along with gamma radiation. Because of
the small size of the nucleus in relation to the atom as a whole, neu-
trons have a low probability of interaction and thus are very pene-
trating. Depending on their energy, they can travel up to several tens
of centimeters through tissue JARC 2000). Water (in nuclear reac-
tors) and thick concrete (in particle accelerators) typically are used
as shielding, because interactions with hydrogen nuclei (single pro-
tons, which are similar in mass to neutrons) are most effective at re-
ducing neutron energy.

Neutrons cause ionization in biological tissue through elastic
collisions with the nuclei of atoms composing tissue molecules. In
collisions of neutrons with the hydrogen nuclei of water (the major
component of the human body), the recoiling hydrogen nuclei
(charged protons) are the source of ionizing events. Elastic collisions
of high-energy neutrons (over 50 MeV) with larger nuclei, such as
those of carbon, oxygen, nitrogen, and calcium atoms, result in vio-
lent interactions that produce many low-energy charged particles. Be-
cause the masses of protons and the other recoiling nuclei are much
greater than the mass of an electron, neutron radiation generates a
dense ion path, causing more damage to tissue than a similar dose of
X-rays or gamma rays. Neutrons therefore are considered high-LET
radiation. With each collision, about half of the neutron’s energy is
given to the proton. As the neutron loses energy, it slows down until
it is absorbed into the nucleus of an atom, which often makes the ab-
sorbing atom radioactive IARC 2000, Busby 2001).

Use

Neutron radiation is used less than other types of radiation in indus-
try, medicine, and research. Neutron radiation has not been used
widely for medical purposes, because it has not shown clear thera-
peutic benefits, compared with conventional radiotherapy. However,
there has been renewed interest in fast-neutron therapy for some can-
cers (Britten et al. 2001, Forman et al. 2002). Current medical uses of
neutrons include external beam therapy, boron neutron capture ther-
apy, and production of radioisotopes used in medical diagnosis and
cancer therapy. Neutron sources are used in oil-well logging and to
induce chain reactions in nuclear reactors. Other uses include neu-
tron activation analysis and radiography (for determination of the
elemental composition and moisture content of various materials),
sterilization of materials, radiometric dating of rocks, and scientific
and engineering research (ATSDR 1999, IARC 2000, Lowy et al. 2001).
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Sources

The atomic nucleus is the source of all neutron radiation, but neu-
trons can be released in several ways. Because the nuclear constitu-
ents are tightly bound, several million electronvolts are required to

free a neutron from most nuclei (IARC 2000). Sources of neutron ra-
diation include the following: the interaction of high-energy cosmic

rays with the earth’s atmosphere, nuclear fusion or fission of atomic

nuclei in nuclear reactors or atomic explosions, collision of charged

particles with a lithium or beryllium target, and spontaneous fission

of californium-252 (ATSDR 1999, TARC 2000).

Exposure

The worldwide population is exposed to neutron radiation from nat-
ural sources. Populations with additional exposure include cancer
patients receiving radiation therapy, nuclear-industry workers, sur-
vivors of atomic bomb blasts, and airline crews and passengers. In
almost all cases, individuals are exposed to mixed radiation fields in
which neutrons are a minor component. Exceptions are patients re-
ceiving neutron radiotherapy and airline crews and passengers, who
may receive up to 60% of their equivalent dose from neutron radiation.

The general population is exposed to neutrons primarily from cos-
mic radiation originating from outer space; however, only the most
energetic particles produce effects at ground level (IARC 2000). A
small portion of cosmic radiation originates from the sun. The amount
increases during periods of increased sunspot and solar-flare activ-
ity, which run in approximately 11-vear cycles; the largest event to
date occurred in February 1956, when neutron counts at ground level
rose 3,600% above normal background levels (ATSDR 1999, IARC
2000). The average dose of neutron radiation from cosmic radiation
increases at higher altitudes; the dose in Denver, Colorado, at an alti-
tude of 1,600 m (1 mi) is about twice that received at sea level IARC
2000). The estimated annual effective dose of neutron radiation at sea
level at 50° latitude is 80 Sy (UNSCEAR 2000). The atomic bombs
exploded over Hiroshima and Nagasaki, Japan, in 1945 released low
levels of neutron radiation to the environment (an estimated 1% to
2% of the total dose of ionizing radiation from the bombs was from
neutrons) (IARC 2000).

Airline crews and passengers are exposed to varving doses of neu-
tron radiation, depending on flight route, aircraft type, and number
of hours in flight. Annual average equivalent doses for airline crews
have been estimated to range from 0.6 to 3.6 mSv. Collective equiv-
alent doses of neutron radiation received by passengers have been
estimated based on air travel rates. For example, in 1985, total time
in flight was estimated as 3 X 10° passenger hours; based on an esti-
mated average equivalent dose rate of 1.6 uSv per hour, the annual
collective equivalent dose was 5,040 person-Sv. By 1997, time in flight
had grown to 4.3 x 10° passenger hours, resulting in an annual col-
lective equivalent dose of 7,200 person-Sv (IARC 2000).

Occupational exposure to neutron radiation occurs to a limited
extent in the nuclear industry; however, these workers are exposed
primarily to gamma radiation. A study using data from 1977 to 1984
estimated the average annual effective dose of neutron radiation
among U.S. radiation workers employed by Department of Energy
contractors, nuclear power stations, and the U.S. Navyto be 1.8 mSv
and the collective effective dose to be 67.5 person-Sv (IARC 2000). In
another U.S. study, the average equivalent dose of neutron radiation
to nuclear power plant workers was 5.6 mSv, and the collective equiv-
alent dose was 0.038 person-Sv (NCRP 1989). Overall, less than 3%
of the total annual effective radiation dose to nuclear industry work-
ers in the United Kingdom from 1946 to 1988 was due to neutrons
(Carpenter et al. 1994). Workers involved in the production of nu-
clear weapons may be exposed to low levels of neutron radiation. In
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1979, 24,787 U.S. workers in DOE facilities (80% of whom performed

defense-related work) were monitored for exposure to neutron radi-
ation; only 326 (1.4%) received annual equivalent doses higher than

5 mSv (IARC 2000). Oil-field workers may be exposed to low doses

of neutron radiation during well logging; the average annual equiva-
lent dose was estimated at 1 to 2 mSv (Fujimoto et al. 1985).
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Radon
CAS No. 10043-92-2

Known to be a human carcinogen
First listed in the Seventh Annual Report on Carcinogens (1994)

Also known as Rn

Carcinogenicity
Radon and its isotopic forms radon-222 and radon-220 are known to

be human carcinogens based on sufficient evidence of carcinogenic-
ity from studies in humans.

Cancer Studies in Humans

Increased incidences of lung cancer have been reported in numerous
epidemiological studies of groups occupationally exposed to radon at
high doses (IARC 1988, ATSDR 1990). Evidence supporting this list-
ing was based principally on earlier mortality studies of underground
mine workers. In one of the largest prospective studies, two cohorts
totaling 3,400 white and 780 Native American uranium miners and
millers in Colorado were followed from 1950 to 1977. Among white
males, the risk of lung cancer was significantly increased 4- to 6-fold,
depending on the comparison population used; the risk of cancer at
other tissue sites was not increased. The risk of lung cancer increased
significantly with increasing cumulative radon exposure, supporting
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a causal relationship. Other prospective and retrospective cohort and
case-control studies of uranium miners, together with studies of min-
ers of iron ore (hematite), other metals, and fluorite, conducted be-
tween the 1960s and 1980s consistently found that lung-cancer risk
increased with increasing cumulative exposure (despite some meth-
odological limitations in exposure estimation, particularly in retro-
spective studies). In some cohorts, radon exposure was also associated
with increased risks of tracheal and bronchial cancer. Smaller case-
control studies also suggested an association between lung-cancer
risk and indoor residential exposure to radon, mainly from ground
sources (TARC 1988).

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of radon from

studies in experimental animals. In male rats, inhalation exposure to

radon caused lung cancer (adenoma, adenocarcinoma, alveolar/bron-
chiolar carcinoma, and squamous-cell carcinoma), and incidences of
respiratory-tract tumors were increased further by exposure to both

radon and cigarette smoke or cerium hydroxide particles. In dogs of
both sexes, inhalation exposure to a combination of radon, radon

decay products, and uranium ore dust caused lung cancer (epider-
moid carcinoma, alveolar/bronchiolar carcinoma, and fibrosarcoma)

and nasal cancer (carcinoma). A review of studies in rats exposed to

radon by inhalation also reported increased incidences of tumors of
the upper lip and urinary tract. In a study in hamsters, only three an-
imals developed features of squamous-cell carcinoma after 16 to 17
months of exposure to radon decay products or radon decay prod-
ucts and uranium ore dust. The International Agency for Research

on Cancer (IARC 1988, 2001) concluded that there was sufficient ev-
idence for the carcinogenicity of radon and its decay products in ex-
perimental animals.

Properties

Radon is a naturally occurring element and is the heaviest of the no-
ble (chemically inert) gases. Of radon’s 20 known isotopes, only three
occur naturally, all of which are radioactive. Radon-222, produced by
the decay of radium-226, is the most common and most stable iso-
tope, with a half-life of 3.82 days. Radon-220, or thoron, is produced
in the decay series of thorium-232 and has a half-life of 55 seconds.
Radon-219, or actinon, is produced in the decay series of uranium-235
and has a half-life of 4 seconds (CEE 2003). Radon is colorless, taste-
less, and odorless and is fairly soluble in water and organic solvents.
It spontaneously decays into a series of short-lived radioisotopes of
heavy metals (polonium, lead, and bismuth) commonly referred to
as “radon daughters” or “radon progeny.” Decay of radon and of its
decay products results in the release of alpha particles and gamma
radiation. When radon is released into air, its solid decay products
readily attach to airborne dust (IARC 1988, ATSDR 1990). Physical
and chemical properties of radon are listed in the following table.

Property Information
Density 9.73g/Lat0°C
Melting point -71°C

Boiling point -61.8°C

Vapor pressure
Source: ATSDR 1990.

395.2 mmHg at -71°C

Use

Radon is used primarily for research; it has no significant industrial
uses. It is used to initiate and influence chemical reactions, as a sur-
face label in the study of surface reactions, in combination with be-
ryllium or other light materials as a source of neutrons, in petroleum
and uranium exploration, and in earthquake prediction (ATSDR 1990,
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HSDB 2009). In U.S. locations with naturally high levels of radon in
water or air, exposure to radon has been used since the early 1900s
to purportedly treat a wide variety of diseases, such as skin disorders,
hardening of the arteries, ulcers, allergies, arthritis, and high blood
pressure. Radon also was used to treat malignant tumors; it was en-
capsulated in gold “seeds,” which were implanted at the tumor site
(ATSDR 1990).

Production

Radon is produced in nature by radioactive decay of radium.
Radon-222 is produced by decay of radium-226, a long-lived prod-
uct of the uranium-238 decay series. Radon-220 is produced by decay
of radium-224 in the thorium-232 decay series, and radon-219 by
decay of radium-223 in the uranium-235 decay series. It is estimated
that every square mile of soil to a depth of 6 inches contains about
1 g of radon. Radon is released from soil into air and groundwater,
and thus occurs at low concentrations throughout the environment.
Radon concentrations are highest in areas with uranium and tho-
rium ore deposits and granite formations (ATSDR 1990). Radon-222
makes by far the largest contribution to environmental radon con-
centrations and is the isotope on which exposure estimates have been
based (IARC 2001).

Radon was produced commercially for use in radiation therapy,
but for the most part has been replaced by other radionuclides. Some
radon is produced in research laboratories and universities for use
in experimental studies. Radon is not imported or exported by the
United States (ATSDR 1990, HSDB 2009).

Exposure

Among the general population, radon accounts for about half of
the worldwide average annual background effective dose of radia-
tion, which is 2.4 mSv (IARC 2001). Elevated radon levels have been
discovered at locations in virtually every U.S. state, but levels vary
considerably, even within a given location. The U.S. Environmental
Protection Agency developed a generalized map of U.S. radon zones
by county, based on predicted average indoor radon screening lev-
els: Zone 1 includes counties with predicted levels above 4 pCi/L
(148 Bq/m®), Zone 2 includes counties with predicted levels between 2
and 4 pCi/L, and Zone 3 includes counties with predicted levels below
2 pCi/L (74 Bq/m®) (EPA 2003a). In general, Zone 1 areas are concen-
trated in the northern half of the United States and the Appalachian
mountains, and Zone 3 areas are concentrated in the piedmont and
coast of the Southeast, Louisiana, Arkansas, Oklahoma, and Texas,
and on the Northwest coast. EPA estimates that 1 in 15 homes have
elevated radon levels (4 pCi/L or higher). As of 2003, radon expo-
sure in U.S. single-family homes was thought to be a causal factor in
as many as 15,000 to 22,000 lung cancer deaths per year (EPA 2003b).

The primary routes of environmental exposure to radon are inha-
lation and ingestion. Radon in groundwater, soil, or building mate-
rials enters working and living spaces and decays, emitting ionizing
radiation. Environmental radon concentrations vary with geograph-
ical location and other factors. Average radon concentrations in U.S.
groundwater are about 8.8 Bg/L in large aquifers and 28.9 Bg/L in
small aquifers and wells. In the continental United States, concentra-
tions in outdoor air range from about 4.1 to 15.2 Bq/m?, with a mean
of about 8.9 Bq/m?>. However, concentrations of up to 30 Bq/m?® were
measured on the Colorado Plateau. Average radon levels are higher
in indoor than outdoor air; indoor levels reportedly range from 55 to
157 Bg/m® (ATSDR 1990). Emanation of radon from rock, soil, and
groundwater can cause significant radon concentrations in tunnels,
power stations, caves, public baths, and spas (IARC 1988).
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Workers employed in uranium, hard-rock, and phosphate min-
ing potentially are exposed to radon at high concentrations. Uranium
miners generally are believed to have the highest exposures. However,
the number of operating U.S. underground uranium mines decreased
from 300 in 1980 to only 16 in 1984, and the number of underground
uranium mine workers from 9,000 in 1979 to 448 in 1986. Concen-
trations of radon decay products in the air of underground mines
vary. Annual geometric mean concentrations of radon decay prod-
ucts in U.S. uranium mines from 1976 to 1985 ranged from 800 to
2,664 Bq/m®, while concentrations in phosphate mines ranged from
888 to 8,880 Bq/m®. Radon exposure in underground mines has been
greatly reduced through engineering controls. In New Mexico mines,
implementation of control measures reduced radon exposure by an
order of magnitude from 1967 to 1980 (ATSDR 1990).
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Thorium Dioxide
CAS No. 1314-20-1

Known to be a human carcinogen
First listed in the Second Annual Report on Carcinogens (1981)

Also known as thorium oxide

ThO,

Carcinogenicity
Thorium dioxide is known to be a human carcinogen based on suffi-
cient evidence of carcinogenicity from studies in humans.

Cancer Studies in Humans

Evidence for the carcinogenicity of thorium dioxide comes from fol-
low-up epidemiological studies of patients who received intravascu-
lar injections of Thorotrast (thorium dioxide used as a contrast agent
in medical radiology; see Use, below). A large excess of liver tumors
(primarily cholangiocellular tumors and hemangiosarcoma) was ob-
served in the Thorotrast-treated patients. Excesses of other cancer, in-
cluding leukemia and bone cancer, were reported in other studies (van
Kaick et al. 1978, da Motta et al. 1979, Faber 1979, Mori et al. 1979).
Since thorium dioxide was listed in the Second Annual Report on
Carcinogens, additional follow-ups of the Thorotrast cohorts have
been reported. These cohort studies were reviewed by the Interna-
tional Agency for Research on Cancer in its evaluation of Some In-
ternally Deposited Radionuclides 1ARC 2001). IARC reported the
results of five major cohort studies (in Germany, Denmark, Japan,
Portugal, and Sweden), which followed over 10,000 patients injected
with Thorotrast between the 1930s and 1950s. These studies con-
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firmed the findings of the earlier studies and reported relative risks

of liver-cancer mortality or incidence ranging from 36 to 129. Risks

were correlated with the volume of injected Thorotrast. Hemangio-
sarcoma, typically a very rare tumor, accounted for about one third of
the tumors. The risk of leukemia, excluding chronic lymphoid leuke-
mia, was increased 11- to 20-fold in Thorotrast-treated patients. Find-
ings regarding mesothelioma and cancer of the extrahepatic bile duct,
gallbladder, and pancreas were inconsistent across studies.

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of thorium diox-
ide from studies in experimental animals. When administered by
intravenous injection, thorium dioxide caused cancer of the blood
vessels (hemangioendotheliosarcoma) or reticuloendothelial system
(sarcoma) in the liver, spleen, and lung in rabbits; liver cancer (cholan-
giocellular carcinoma) in hamsters; and benign liver tumors (hepato-
cellular adenoma) in rats. Subcutaneous injection of thorium dioxide
caused cancer at the injection site (fibrosarcoma) in rats and mice, and
intraperitoneal injection caused cancer (sarcoma) in rats, mice, ham-
sters, rabbits, and guinea pigs (Wegener 1979, EPA 1981, IARC 2001).

Properties

Thorium dioxide is the oxide of the radioactive metallic element tho-
rium, the second member of the actinide series of elements. Tho-
rium-232 is the most common of the naturally occurring isotopes; it
decays by emission of alpha particles and has a half-life of 1.4 x 10*
vears (Hedrick 2000). The other two long-lived isotopes that decay by
emission of alpha particles are thorium-230 (half-life of 77,000 years)
and thorium-229 (half-life of 7,300 years). Decay products include ra-
dium-228, radium-224, and radon-220 (IARC 2001). Thorium dioxide
has a molecular weight of 264 and occurs as a heavy, white crystal-
line powder with a melting point of 3,390°C (the highest of any metal
oxide) and a boiling point of 4,400°C. It is insoluble in water and al-
kalis and slightly soluble in acids and biological fluids. Thorium di-
oxide is incandescent when heated. It is available in the United States
in stocks of various particle sizes with purities ranging from 99.5%
to 99.99%. The X-ray contrast medium Thorotrast is a 25% colloidal
thorium dioxide suspension in aqueous dextrin (IARC 2001, Clark
et al. 2006, HSDB 2009). Thorotrast was fomerly a registered trade-
mark of the Heyden Chemical Corporation.

Use

Thorium was discovered in 1828, and its radioactivity was discovered
in 1898. In the early 1900s, the only commercial use for thorium was
in gas lamp mantles. Although demand for gas mantles declined with
the advent of electric lights, mantle manufacturing still accounted for
92% of thorium’s non-fuel use as late as 1950 (Hedrick 2000). The use
of thorium in the United States has decreased substantially because
of concerns over its naturally occurring radioactivity (Hedrick 2002).
Principal uses for thorium dioxide are in high-temperature ceramics,
gas mantles, nuclear fuel, flame spraying, crucibles, medicines, non-
silica optical glass, and thoriated tungsten filaments, and as a cata-
lyst. It has also been used as a diagnostic aid (radiopaque medium)
in feline medication (HSDB 2009).

Thorotrast was used as a contrast agent in medical radiology. It was
used extensively as an intravascular contrast agent for cerebral and
limb angiography in Europe, the United States, and Japan. It was also
injected directly into the nasal cavity, paranasal sinus, spleen, brain,
and other sites. Thorotrast treatment led to deposition of thorium
and its decay products in body tissues and organs, especially reticu-
loendothelial tissue and bone, which resulted in continuous lifelong
alpha-particle irradiation (BEIR IV 1988). Use of Thorotrast was dis-
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continued in the 1950s, when harmful latent effects were observed
(Grampa 1971, IARC 2001).

Production

Thorium occurs in several minerals, including monazite, thorite, hut-
tonite, and thorogummite, Most thorium production occurs from
mining of monazite as a by-product from heavy-mineral sands mined
for titanium and zirconium minerals. Between 1987 and 1994, only
one U.S. company produced monazite, all of which was exported.
U.S. production of thorium-bearing monazite ended in the United
States in 1994; since then, all U.S. production of thorium-containing
products has relied on imports and existing industry and government
stocks. About seven U.S. companies continue to process or fabricate
various forms of thorium for non-energy uses such as described above
(Hedrick 2002). In 2009, thorium dioxide was available from 12 U.S.
suppliers (ChemSources 2009). From 1983 to 1987, annual U.S. im-
ports of thorium dioxide equivalent ranged from 19.7 metric tons
(43,000 1b) to 69.3 metric tons (153,000 1b) (ATSDR 1990). From 1996
to 2002, imports of thorium compounds, expressed as thorium diox-
ide equivalent, declined from 26,400 kg (58,200 Ib) to 480 kg (1,060
Ib) (Hedrick 2000, 2002). U.S. exports of thorium metal waste and
scrap (thorium dioxide equivalent) from 1983 to 1987 ranged from 1.0
metric tons (2,200 1b) to 20.4 metric tons (45,000 1b) (ATSDR 1990).
Between 1996 and 2002, exports of thorium compounds (thorium
dioxide equivalent) ranged from alow of 58 kg (128 1b) in 1996 to a
high of 5,390 kg (11,900 Ib) in 2001 (Hedrick 2000, 2002). No more
recent data on U.S. imports or exports were found.

Exposure

The primary routes of potential human exposure to thorium dioxide
are inhalation, intravenous injection, ingestion, and dermal contact.
Based on the amount of Thorotrast produced, more than 2.5 million
people worldwide were exposed to thorium dioxide between 1930
and 1950 (IARC 2001). The injection dosages ranged from 2 to 70 mL
of Thorotrast solution, depending on the area to be X-rayed (Sara-
goca et al. 1972). Once injected, Thorotrast is not cleared from the
body, resulting in lifelong exposure (BEIR IV 1988).

According to the U.S. Environmental Protection Agency’s Toxics
Release Inventory, environmental releases of thorium dioxide de-
clined from 679,129 b in 1988 to 42,000 1b in 1993. In 1995 and 1996,
1 1b of thorium dioxide was released, and no releases were reported
from 1997 to 2007 (TRI 2009). Although thorium is widespread in
the environment from both natural and anthropogenic sources, con-
centrations in air, soil, drinking water, and foods are very low. Very
few studies have investigated daily intakes of thorium in the general
population; however, estimated total daily intakes of thorium-230
and thorium-232 in air, food, and water ranged from approximately
0.02 to 0.17 pCi. Higher exposures could occur among people living
near hazardous-waste sites or mining areas that contain thorium
(ATSDR 1990).

Occupational exposure to thorium may occur in the mining, mill-
ing, and processing of uranium, tin, rare-earth metals, and phos-
phate and in gas mantle manufacturing and other thorium-processing
industries (ATSDR 1990, TARC 2001). Exposure could also have
occurred during the formulation, packaging, preparation, or admin-
istration of thorium dioxide as a pharmaceutical.
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lonizing Radiation

Regulations

Department of Energy (DOE)

A comprehensive set of protection standards and program requirements has been developed for
protecting individuals from ionizing radiation resulting from the conduct of DOE activities.

Radiation Dose Limits

Annual occupational dose limits for adults (the more limiting of the following): Total effective dose =
5rem {0.05 Sv); sum of the equivalent dose to the whole body for external exposures and the
committed equivalent dose to any organ or tissue other than the skin or the lens of the eye =
50 rem (0.5 Sv); eye-lens dose equivalent = 15 rem (0.15 Sv); sum of the equivalent dose to the
skin or to any extremity for external exposures and the committed equivalent dose to the skin or
to any extremity = 50 rem (0.5 Sv).

Dose equivalent to an embryo or fetus due to the occupational exposure of a declared pregnant
woman: Shall not exceed 0.5 rem {5 mSv) during the entire pregnancy.

Annual total effective dose equivalent for individual members of the public: Shall not exceed 0.1 rem
(1 mSv).

Department of Transportation (DOT)

Rules have been set governing the marking, labeling, packaging, handling, and transportation of
radioactive materials.

Environmental Protection Agency (EPA)
Clean Air Act

National Emissions Standards for Hazardous Air Polfutants: Radionuclides are listed as hazardous air
pollutants.
Emissions of radionuclides, other than radon, to the air shall not exceed those amounts that would
cause any member of the public to receive in a year an effective dose = 10 mrem (0.7 mSv).
Emissions of radon-222 from an underground uranium mine shall not exceed the amount that would
cause a member of the publicto receive in a year an effective dose > 10 mrem (0.1 mSv).

No source at a DOE facility shall emit into the air more than 20 pCifm’ per sec of radon-222 as an
average for the entire source.

Each stack used in the generation of phosphogypsum shall not emit more than 20 pCi/m2-sec
(1.9 pCi/ft-sec) of radon-222 into the air.

Emissions to the ambient air from an existing uranium mill tailings pile shall not exceed 20 pCi/m*sec
(1.9 pCifft?-sec) of radon-222.
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Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ): range for 758 radionuclides = 0.001 to 1,000 Ci; for radon-220 and
radon-222 =0.1Ci.

Thorium dioxide is a listed substance subject to reporting requirements.

Emergency Planning and Community Right-To-Know Act
Toxics Release Inventory: Listed substance subject to reporting requirements.
Indoor Radon Abatement Act

Sets along-term goal that indoor air be as free from radon as the ambient air outside buildings, and
authorizes funds for radon-reduction activities.

Marine Protection, Research, and Sanctuaries Act

Ocean disposal of high-level nuclear waste is prohibited, and any request for ocean disposal of low-
level waste requires a permit that must be approved by both houses of Congress.

Nuclear Waste Policy Act

Numerous containment requirements have been set that will limit the total amount of radiation
entering the environment from the Yucca Mountain (Nevada) nuclear waste repository site for
over 10,000 years.

Disposal systems for waste shall be designed to provide a reasonable expectation that for 10,000 years
after disposal, any member of the general population in the general environment shall not receive
a combined annual dose of radiation greater than 15 mrem (0.15 mSv).

Regulations have been developed to limit radiation releases from disposal systems for spent nuclear
fuel of high-level or transuranic nuclear waste.

Radiation Protection Programs

Environmental radiation protection standards for nuclear power operations have been established to
limit human and environmental exposure to radiation.

Resource Conservation and Recovery Act
Radioactive waste mixed with various specified hazardous wastes are prohibited from land disposal.
Safe Drinking Water Act

Maximum contaminant level (MCL) = The average annual concentration of beta particie and photon
radioactivity from manmade radionuclides in drinking water must not produce an annual dose
equivalent to the total body or any internal organ greater than 4 mrem (0.4 mSv).

Uranium Mill Tailings Radiation Control Act

A comprehensive set of requlations have been established to guard against exposure to radon from
uranium and thorium militailings.

Inactive uranium processing sites shall not release radon-220 or radon-222 to the air at levels
exceeding 20 pCi/m? per sec.

Food and Drug Administration (FDA)

Rules have been established that govern ionizing radiation for the treatment of foods for human
consumption and the production and processing of animal feed and pet food.

Performance standards have been set for ionizing-radiation-emitting diagnostic and therapeutic
products and procedures and for accreditation and certification of facilities and personnel.

Rules have been established for use of radioactive drugs in research.

An approved new drug application is required for marketing thorium dioxide drugs.

Mine Safety and Health Administration

Regulations have been established to protect workers in underground metal and nonmetal mines
against exposure to gamma radiation, including annual radiation surveys and an annual
individual gamma radiation limit of 5 rem (0.05 Sv).

Regulations have been established to protect workers in underground metal and nonmetal mines
against exposure to radon and radon daughters, including monitoring and record keeping
requirements and various exposure limits.

Nuclear Regulatory Commission (NRC)

Comprehensive requlations have been developed to control the receipt, possession, use, transfer, and
disposal of radioactive material in such a manner that the total dose to an individual does not
exceed the Standards for Protection Against Radiation (see DOE Radiation Dose Limits, above). The
requlations apply to entities licensed to receive, possess, use, transfer, or dispose of by-product,
source, of special nuclear material or to operate a production or utilization facility, and to exposure
associated with nuclear power plants and other uses of radioactive materials, including medical,
veterinary, industrial, academic, and research.

Rules have been established for the medical use of radioactive material and the issuance of licenses
authorizing use of the material.

Rules have been established for the packaging, preparing for shipping, and transporting of licensed
radioactive material.

Rules have been established governing the receiving and storing of radioactive materials in geological
repositories.

Occupational Safety and Health Administration (OSHA)

Comprehensive requlations have been set to limit worker exposure to ionizing radiation which include
monitoring requirements, restricting access to areas with radiation, established exposure limits,
and various precautionary procedures.
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Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Effective dose = 50 mSv for a single year; = 20 mSv averaged over 5 years.

Annual equivalent dose = 150 mSv for the lens of the eye; = 500 mSv for the skin, hands, and feet.

Embryo-fetus exposure once the pregnancy is known: monthly equivalent dose = 0.5 mSv; dose to
surface of women's abdomen for remainder of pregnancy = 2 mSv; recommended limit on intake
of radionuclides = 1/20 of annual limit.

Recommended dose limit for radon daughters = 4 working level months per year (WLM/yr).

Food and Drug Administration (FDA)

Radiation protection recommendations have been established for the protection of patients from radiation
during diagnostic and therapeutic procedures.

National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) for radon progeny in underground mines = 1 working level month
(WLM) per year; average workshift concentration = 1/12 of 1 WL (0.083 WL).

A comprehensive set of recommended standards for occupational exposure to radon progeny in
underground mines has been developed.

Iron Dextran Complex
CAS No. 9004-66-4

Reasonably anticipated to be a human carcinogen
First listed in the Second Annual Report on Carcinogens (1981)

Also known as Infed, a registered trademark of Watson Pharma,
Inc.

Carcinogenicity
Iron dextran complex is reasonably anticipated to be a human car-

cinogen based on sufficient evidence of carcinogenicity from studies
in experimental animals.

Cancer Studies in Experimental Animals

Exposure to iron dextran by injection caused tumors at the injection

site in several species of experimental animals. Cancer at the injec-
tion site (sarcoma) was observed following administration of iron dex-
tran complex by subcutaneous injection in mice of both sexes and in

male rats and by intramuscular injection in rats and rabbits of both

sexes (IARC 1973, 1982).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to iron dextran complex. There have been case reports of
cancer occurring at the sites where iron dextran was thought to have
been injected (IARC 1973, Greenberg 1976). Since iron dextran com-
plex was listed in the Second Annual Report on Carcinogens, many
epidemiological studies have evaluated the carcinogenicity of expo-
sure to iron; however, these studies did not specifically examine ex-
posure to iron dextran complex (Huang 2003).

Properties

Iron dextran complex is a chemical complex of iron hydroxide with
dextrans, (polysaccharides that are produced by bacterial action on
sugar) IARC 1973). Iron dextran is a slightly viscous, dark reddish-
brown liquid at room temperature (HSDB 2009). When used as a
hematinic to treat iron-deficiency anemia in humans or animals, it
is prepared as a dark-brown colloidal suspension in saline solution
(TARC 1973). The veterinary product generally is more concentrated
than the one intended for use in humans. Iron dextran complex is
extremely soluble in water and insoluble in most organic solvents. It
is unstable at higher temperatures and undergoes autoxidation be-
tween 65°C and 70°C (Akron 2009). Its shelf life is about five years.
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Use

Iron dextran complex was first used in the United States in 1957. It is

used for parenteral treatment of iron-deficiency anemia, but gener-
ally only in special cases, such as when oral treatment has failed. In

1960, approval to use iron dextran complex to treat iron-deficiency
anemia in humans in the United States was withdrawn after studies

in mice and rats demonstrated that repeated subcutaneous and in-
tramuscular injections caused cancer at the injection site. However,
in 1962, the use of iron dextran complex to treat iron-deficiency ane-
mia in humans was reintroduced, as the risk of cancer in humans was

thought to be small. Iron dextran complex is also used in veterinary
medicine to treat baby pigs (IARC 1973, HSDB 2009).

Production

Iron dextran complex is produced by two manufacturers each in Eu-
rope and India and one manufacturer each in the United States and

Canada (SRI 2009) and is available from six suppliers, including two

in the United States (ChemSources 2009). Three products contain-
ing iron dextran complex are approved for use by the U.S. Food and

Drug Administration (FDA 2009). No data on U.S. imports or ex-
ports of iron dextran were found.

Exposure

The primary routes of human exposure to iron dextran complex are in-
travenous or deep-intramuscular injection (IARC 1973, HSDB 2009).
Iron dextran is available as an injectable product in 50-mg vials (FDA
2009). The therapeutic dose for humans is based on body weight and
hemoglobin when administered for iron-deficiency anemia and on
blood loss and hematocrit when given for blood loss (RxList 2010).
The usual daily dose is 1 to 5 mL (50 to 250 mg of iron) (IARC 1973).
Use is advised only for patients who do not respond to oral adminis-
tration of iron. Before 2000, nearly all parenterally administered iron
supplements were iron dextran products; however, the use of iron
dextran has since diminished, while use of other iron products and
the use of injectable iron supplements as a class have increased (Bailie
et al. 2005). From 2001 to 2003, about 30 million doses of iron sup-
plements were administered by injection, 9.3 million of which were
brand-name iron dextran products (Chertow et al. 2006). The phy-
sician’s package insert for iron dextran includes a warning of the po-
tential for injection-site sarcoma (RxList 2010).

Occupational exposure to iron dextran complex may occur dur-
ing the production, formulation, packaging, or administration of the
pharmaceutical products. The National Occupational Exposure Sur-
vey (conducted from 1981 to 1983) estimated that 1,157 workers, in-
cluding 573 women, potentially were exposed to iron dextran complex
(NIOSH 1990). Exposure during production may be site-limited, be-
cause only one manufacturer of iron dextran was identified in the
United States in 2009 (SRI 2009).

Regulations

Food and Drug Administration (FDA)
Iron dextran complex is a prescription drug subject to labeling and other requirements.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.
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Isoprene
CAS No. 78-79-5

Reasonably anticipated to be a human carcinogen

First listed in the Ninth Report on Carcinogens (2000)

CHgs

Carcinogenicity
Isoprene is reasonably anticipated to be a human carcinogen based

on sufficient evidence of carcinogenicity from studies in experimen-
tal animals.

Cancer Studies in Experimental Animals

Exposure to isoprene by inhalation caused tumors at several different
tissue sites in mice and rats. In mice of both sexes, isoprene caused
blood-vessel cancer (hemangiosarcoma) and benign or malignant
tumors of the Harderian gland (adenoma or carcinoma) and the lung
(alveolar/bronchiolar adenoma or carcinoma). In male mice, it also
caused cancer of the hematopoietic system (histiocytic sarcoma) and
benign or malignant tumors of the liver (hepatocellular adenoma
or carcinoma) and forestomach (squamous-cell papilloma or carci-
noma). In rats of both sexes, isoprene caused benign or malignant
tumors of the mammary gland (fibroadenoma or carcinoma) and kid-
ney (renal-cell adenoma or carcinoma). In male rats, it also caused
benign tumors of the testis (adenoma) (NTP 1995, Placke et al. 1996,
Melnick and Sills 2001).

Studies on Mechanisms of Carcinogenesis

Isoprene is the 2-methyl analog of 1,3-butadiene, an industrial chem-
ical that has been identified as a carcinogen in humans and exper-
imental animals (Gervasi et al. 1985, NTP 1999a,b). The isoprene
analogue isopentenyl pyrophosphate is a building block of cholesterol
synthesis, and levels of exhaled isoprene correlate with cholesterol
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synthesis (IARC 1994, Rieder et al. 2001). Isoprene and butadiene
are metabolized to monoepoxide and diepoxide intermediates by
liver microsomal cytochrome P450-dependent monooxygenases
from several species, including humans (Gervasi et al. 1985, IARC
1994, NTP 1999a). These intermediates may be detoxified by hydro-
lysis (catalyzed by epoxide hydrolase) or conjugation with glutathi-
one (catalyzed by glutathione S-transferase).

The diepoxide intermediates of isoprene and butadiene caused
mutations in Salmonella typhimurium, whereas the monoepoxides
of isoprene and parent compounds did not. In mammalian cells in
vitro, isoprene did not cause sister chromatid exchange, chromo-
somal aberrations, or micronucleus formation (NTP 1995, 1999a),
but did cause DNA damage in human peripheral-blood mononu-
clear cells and human leukemia cells when incubated with micro-
somal enzymes (Fabiani et al. 2007). In mice exposed in vivo, isoprene
and 1,3-butadiene caused sister chromatid exchange in bone-marrow
cells and micronucleus formation in peripheral-blood erythrocytes
(Tice 1988, Tice et al. 1988). Sites at which both isoprene and butadi-
ene caused tumors in rodents include the liver, lung, Harderian gland,
forestomach, hematopoietic tissue, and circulatory system in mice
and the mammary gland, kidney, and testis in rats (NTP 1999a,b).
Harderian-gland tumors caused by isoprene in mice had a high fre-
quency of unique mutations of the K-ras protooncogene (A to T trans-
versions at codon 61) (Hong et al. 1997).

There is no evidence to suggest that mechanisms by which iso-
prene causes tumors in experimental animals would not also oper-
ate in humans.

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to isoprene.

Properties

Isoprene is structurally similar to 1,3-butadiene and exists as a color-
less, volatile liquid at room temperature (NTP 1999a). It occurs fre-
quently in nature and is emitted to the environment by plants and
trees. Isoprene is practically insoluble in water, but is soluble in eth-
anol, diethyl ether, benzene, and acetone. It is stable under normal
conditions, but it is very flammable and will polymerize vigorously or
decompose with abrupt changes in temperature or pressure (IARC
1994, Akron 2009). Physical and chemical properties of isoprene are
listed in the following table.

Property Information
Molecular weight 68.1

Specific gravity 0.681 at 20°C/4°C
Melting point -14595°C

Boiling point 34.07°C at 760 mm Hg
Log K, 242

Water solubility 0.642 g/L at 25°C
Vapor pressure 550 mm Hg at 25°C
Vapor density relative to air 24

Source: HSDB 2009.

Use

The majority of isoprene produced commercially is used to make syn-
thetic rubber (cis-polyisoprene), most of which is used to produce
vehicle tires. The second- and third-largest uses are in the produc-
tion of styrene-isoprene-styrene block polymers and butyl rubber
(isobutene-isoprene copolymer) (IARC 1994).

Production

Isoprene is recovered as a by-product of thermal cracking of naphtha
or gas oil from C; streams (IARC 1994, NTP 1999a). The isoprene
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yield is about 2% to 5% of the ethylene yield. U.S. demand for isoprene
grew 6.5% annually from 1985 to 1992 (NTP 1999a). In 1994, iso-
prene production in the United States was about 619 million pounds,
almost 29% more than in 1992. Estimated isoprene production ca-
pacity for eight facilities was 598 million pounds in 1996, based on
estimates of isoprene content of product stream available from eth-
vlene production via heavy liquids. In 2009, isoprene was produced
by 22 manufacturers worldwide, including 12 U.S. producers (SRI
2009), and was available from 23 suppliers, including 12 U.S. suppli-
ers (ChemSources 2009). U.S. imports of isoprene (purity = 95% by
weight) increased from zero in 1989 to a peak of 144 million pounds
in 2003, Imports declined to 19.6 million pounds in 2004, the lowest
level since 1992, but remained near 32 million pounds from 2005
through 2008. During this period, U.S. exports of isoprene ranged
from 7.9 million to 39.6 million pounds (in 2006) (USITC 2009). Re-
ports filed from 1986 to 2002 under the U.S. Environmental Protec-
tion Agency’s Toxic Substances Control Act Inventory Update Rule
indicated that U.S. production plus imports of isoprene totaled 100
million to 500 million pounds (EPA 2004).

Exposure

Isoprene is formed endogenously in humans at a rate 0of 0.15 umol/kg

of body weight per hour, equivalent to approximately 2 to 4 mg/kg per

day (Taalman 1996), and is the major hydrocarbon in human breath

{accounting for up to 70% of exhaled hydrocarbons) (Gelmont et al.
1981). Concentrations in human blood range from 1.0 to 4.8 pg/L
(Cailleux et al. 1992). Isoprene is produced at higher rates in males

than females. The rate of isoprene production increases with age up

to the age of 29 (Lechner et al. 2006); it is lower in young children

than adults by a factor of about 2.4 (Taucher et al. 1997). In a study
of 30 adult volunteers, the mean isoprene concentration measured in

alveolar breath was 118 ppb, with a range of 0 to 474 ppb (Turner et
al. 2006). After 20 to 30 minutes of exercise, isoprene concentration

in exhaled air decreased to a range of 0 to 40 ppb (Senthilmohan et

al. 2000). Smoking one cigarette increased the concentration of iso-
prene in exhaled air by 70% (Senthilmohan et al. 2001). Isoprene is

also produced endogenously by other animals. Production rates re-
ported for rats and mice were 1.9 and 0.4 pmol/kg of body weight

per hour, respectively (Peter et al. 1987).

Foods of plant origin would be expected to be a source of daily
exposure to isoprene, since isoprene is emitted by agricultural crops
and is the basic structural unit in countless natural products found in
foods, such as terpenes and vitamins A and K (NTP 1999a). Isoprene
has been reported to occur in the essential oil of oranges, the fruit of
hops, carrot roots, and roasted coffee (Taalman 1996, NTP 1999a).

Isoprene is emitted from plants and trees and is present in the
general environment at low concentrations (Taalman 1996). Isoprene
emissions from many types of plants have been estimated under vari-
ous climatic conditions, to evaluate their importance in global climate
change (Mayrhofer et al. 2004, Parra et al. 2004, Schnitzler et al. 2004,
2005, Pegoraro et al. 2005, Sasaki et al. 2005, Sharkey 2005, Moukhtar
et al. 2006, Simon et al. 2006, Tambunan et al. 2006). Annual global
isoprene emissions, estimated at 175 billion to 503 billion kilograms
(386 billion to 1,109 billion pounds), account for an estimated 57% of
total global natural volatile organic compound emissions (Guenther
et al. 1995). The average biogenic emission rate factor for isoprene in
U.S. woodlands is 3 mg/m? per hour (compared with 5.1 mg/m? for
total volatile organic compounds) (Guenther et al. 1994). Isoprene
concentrations in biogenic emissions range from 8% to 91% of total
volatile organic compounds, averaging 58%. Because isoprene bio-
synthesis is associated with photosynthesis, isoprene emissions are
negligible at night (Lamb et al. 1993). Because isoprene is emitted
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primarily by deciduous trees, emissions are seasonal, being highest
in the summer and lowest in the winter (Guenther et al. 1994, Fuen-
tes and Wang 1999). The south central and southeastern areas of the
United States have the highest biogenic emissions (Lamb et al. 1993,
Guenther et al. 1994). The half-life of atmospheric isoprene has been
estimated at 0.5 hours by reaction with nitric oxide, 4 hours by re-
action with hydroxyl radicals, and 19 hours by reaction with ozone
(HSDB 2009).

Anthropogenic sources of isoprene in the atmosphere include eth-
ylene production by cracking naphtha, wood pulping, oil fires, wood-
burning stoves and fireplaces, other biomass combustion, tobacco
smoking (200 to 400 pg per cigarette), gasoline, and exhaust from
turbines and automobiles (Adam et al. 2006, HSDB 2009). Isoprene
has been measured as one of the volatile organic compounds in the
ambient air in regions with industrial pollution, and in urban, resi-
dential, and rural areas as an indicator of the potential for ozone for-
mation. Thus, isoprene is a key indicator for regional air quality, as
well as being a component of the global carbon cycle (Borbon et al.
2004, Guo et al. 2004, Kuster et al. 2004, Warneke et al. 2005, Hel-
len et al. 2006).

The reported concentration of isoprene in U.S. ambient air ranges
from 1 to 21 parts per billion carbon (ppbC) and generally is less than
10 ppbC. Isoprene accounts for less than 10% of non-methane hydro-
carbons in ambient air. Biogenic hydrocarbons may contribute more
to total atmospheric hydrocarbons under stagnant atmospheric con-
ditions (Altschuller 1983, Hagerman et al. 1997). The major sources
of isoprene in ambient air appear to be biogenic emissions at rural
sites and vehicular emissions in urban areas (Borbon et al. 2001, So
and Wang 2004). Where the source is primarily biogenic, the iso-
prene concentration slowly increases during the day, reaching a peak
in the middle of the day, when photosynthesis is greatest. Where ve-
hicular emissions are the primary source, the isoprene concentration
peaks during the morning and evening rush hours and is low in the
middle of the day (Borbon et al. 2002). One study concluded that in
summer, at least 80% of the isoprene at a rural site was due to bio-
genic emissions, but that in winter, more than 90% of residual iso-
prene was from urban air-mass mixing (Borbon et al. 2004). Where
industrial emissions are the primary source of isoprene, the concen-
tration may peak at night, or there may be no peak at all (Zhao et al.
2004, Chiang et al. 2007).

The primary source of isoprene in indoor air is environmental
tobacco smoke. Isoprene was found to be the major component of
hydrocarbons in the air of a smoky café (10 patrons smoking, 10 not
smoking) (16.7%) and in sidestream smoke (29.2%) (Barrefors and
Petersson 1993). A monitoring survey in November 1992 in homes
and workplaces in the greater Philadelphia area found mean isoprene
concentrations in personal air samples of 4.65 pg/m? in 60 nonsmok-
ing homes, 18.15 pg/m? in 29 homes with smokers, 5.29 pug/m®in 51
nonsmoking workplaces, and 22.80 pug/m® in 28 workplaces that al-
lowed smoking (Heavner 1996). A survey in the Lower Rio Grande
Valley of Texas reported a median summertime isoprene concentra-
tion of 2.90 pg/m? for three indoor air samples (it was not reported
whether the occupants were smokers or nonsmokers), compared with
0.40 pg/m?® for three outdoor air samples (Mukerjee 1997).

Air-monitoring data were collected at three U.S. facilities that pro-
duced isoprene monomers or polymers; 98.5% of the samples showed
concentrations of less than 10 ppm, and 91.3% of less than 1 ppm
(Leber 2001, Lynch 2001). The National Occupational Hazard Sur-
vey (conducted from 1972 to 1974) estimated that 58,000 workers
in over 30 industries potentially were exposed to isoprene (NIOSH
1976). The National Occupational Exposure Survey (conducted from
1981 to 1983) estimated in a more limited survey that 3,700 workers
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in four industries, including 578 women, potentially were exposed
to isoprene (NIOSH 1990).

Regulations

Coast Guard, Department of Homeland Security

Minimum requirements have been established for safe transport of isoprene on ships and barges.

Department of Transportation (DOT)

Isoprene is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean AirAct

New Souirce Performance Standards: Manufacture of isoprene is subject to certain provisions for the
control of volatile organic compound emissions.

Prevention of Accidental Release: Threshold quantity (TQ) = 10,000 Ib.

Clean Water Act

Isoprene has been designated a hazardous substance.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 100 b.
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Kepone
CAS No. 143-50-0

Reasonably anticipated to be a human carcinogen
First listed in the Second Annual Report on Carcinogens (1981)

Kepone was formerly a registered trademark of the Allied
Chemical Corporation; also known as chlordecone

Cl
Cl
cl Cl
Cl
Cl ~Ci
Cl
] Cl

Carcinogenicity
Kepone (chlordecone) is reasonably anticipated to be a human car-

cinogen based on sufficient evidence of carcinogenicity from studies
in experimental animals.

Cancer Studies in Experimental Animals

Dietary administration of chlordecone caused liver cancer (hepato-
cellular carcinoma) in rats and mice of both sexes. In addition, the

time to detection of the first hepatocellular carcinoma observed at

death was shorter in male mice exposed to chordecone than in unex-
posed controls and appeared to be inversely related to exposure level

in mice and rats of both sexes (NCI 1976, TARC 1979).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to chlordecone.

Properties

Chlordecone is a chlorinated polycyclic ketone that is an odorless,
colorless-to-tan crystal at room temperature (HSDB 2009). It is prac-
tically insoluble in water, soluble in acetone, alcohols, ketones, and
acetic acid, and less soluble in benzene and light petroleum. Chlor-
decone is stable to about 350°C but readily hydrates on exposure to
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humidity at room temperature (Akron 2009). Physical and chemical
properties of chlordecone are listed in the following table.

Property Information

Molecular weight 490.6°

Specific gravity 1.59 to 1.63 at 25°C°
Melting point 350°C {(decomposes)®
Boiling point 434°Ch

Log K, 541°

Water solubility 2.70 mg/L 25°C°

Vapor pressure 2.25% 107 mm Hg at 25°C°
Vapor density relative to air 16.94°

Sources: *HSDB 2009, "Akron 2009.

Use

Chlordecone was first introduced as a pesticide in 1958 and was used
until 1978, when its use in the United States was discontinued (NCI
1976, IARC 1979, HSDB 2009). Chlordecone was used as an insecti-
cide for leaf-eating insects, ants, and cockroaches, as a larvicide for
flies, and for control of insects that attack structures. Chlordecone
was also used on bananas, non-bearing citrus trees, tobacco, orna-
mental shrubs, lawns, turf, and flowers.

Production

Total U.S. production of chlordecone from 1951 to 1975 was estimated
at 3.6 million pounds (ATSDR 1995). Annual production at one plant
in Hopewell, Virginia, reached a peak of over one million pounds per
vear in 1974; production ceased in July 1975 by order of the State of
Virginia (Huggett and Bender 1980). Between 90% and 99% of total
chlordecone production was exported to Europe, Asia, Latin Amer-
ica, and Africa (ATSDR 1995). In 2009, no producers of chlorde-
cone were identified (SRI 2009), but chlordecone was available from
eight U.S. suppliers and one European supplier (ChemSources 2009).

Exposure

The primary routes of potential human exposure to chlordecone are
inhalation, ingestion, and dermal contact. Chlordecone is very stable
in the environment, and no degradation products have been identi-
fied. It adsorbs to particulate matter in the air, water, and soil and is
removed from the atmosphere and water column by deposition and
settling and from the surface soil by erosion (ATSDR 1995). When
released to air, chlordecone will not directly photodegrade or re-
act with photochemically produced hydroxyl radicals (HSDB 2009).
When released to water, chlordecone adsorbs to sediment and over
time is buried by sediment accumulation (Huggett and Bender 1980).
Its half-life in a model river is 3.8 to 46 years (HSDB 2009). Chlor-
decone bioaccumulates in fish and crustaceans (Carver and Griffith
1979). When released to soil, chlordecone will adsorb to soil parti-
cles; some leaching to groundwater may occur.

In the United States, detectable levels of chlordecone were found
in 400 samples of air, drinking water, plant and aquatic organisms,
and municipal waste where chlordecone was manufactured (ATSDR
1995). Chlordecone has also been measured in the particulate matter
and sediment in rivers on the island of Martinique in 2002 at concen-
trations of up to 57 pg/kg (Bocquene and Franco 2005). Bananas are
the major crop in Martinique, and chlordecone was frequently used
as an insecticide on banana plantations.

Concentrations of chlordecone in the environment near the
Hopewell manufacturing site were 1% to 40% in dust collected one
block from the plant, 1% to 2% in soil adjacent to the plant, and 2 to
6 ppm in soil at a distance of 1,000 meters from the plant (Luellen ez
al. 2006). Very high concentrations of chlordecone were detected in
effluent from the Hopewell plant (0.1 to 1.0 mg/L) and in water from
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the plant’s holding ponds (2 to 3 mg/L). However, over time, concen-
trations in the James River (adjacent to the plant) have fallen dramati-
cally due to settling of chlordecone and its eventual burial in sediment

(Huggett and Bender 1980). Concentrations of chlordecone in bed

sediments of the James River between 1976 and 1978 ranged from

undetectable (< 0.01 pg/g) to 5 pg/g (ATSDR 1995). Chlordecone

concentrations in finfish in the James River in the 1980s reached a

steady state below the action level of 0.3 ug/g; however, 94% of the

fish sampled since 1987 had detectable chlordecone concentrations

(= 0.01 ug/g). Fishing restrictions remained in effect until 1989, when

restrictions as a result of chlordecone contamination were removed;

however, a Virginia Department of Health fish consumption advisory

remained in effect as of 2006 (Luellen et al. 2006).

Chlordecone is also a degradation product of another insecticide,
mirex (IARC 1979). Investigators have detected chlordecone in soil
at a concentration of 0.02 pg/g of soil 12 years after mirex was ap-
plied at the rate of 1 pg/g of soil. Additional exposure information
may be found in the Agency for Toxic Substances and Disease Regis-
try’s Toxicological Profile for Mirex and Chlordecone (ATSDR 1995).

At the time production ceased (in July 1975), half of the work-
ers at the Hopewell manufacturing facility exhibited neurological
symptoms. Chlordecone was measured in the blood of these exposed
workers at levels of up to 11.8 pg/mL. In 1976, the National Institute
for Occupational Safety and Health identified 50 facilities that pro-
cessed or formulated pesticides using chlordecone and estimated
that about 600 U.S. workers potentially were exposed to chlorde-
cone (NIOSH 1976).

Regulations

Environmental Protection Agency (EPA)

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 11b.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the fisting is based wholly or partly on the presence of
chiordecone = U142.

Listed as a hazardous constituent of waste.

Food and Drug Administration (FDA)

Action levels for chlordecone in fish, shellfish, and crabmeat range from 0.3 to 0.4 ppm.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) = 0.001 mg/mg.
Listed as a potential occupational carcinogen.
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Lead and Lead Compounds
CAS No. 7439-92-1 (Lead)

No separate CAS No. assigned for lead compounds as a class
Reasonably anticipated to be human carcinogens
First listed in the Eleventh Report on Carcinogens (2004)

Also known as Pb

Introduction

The compounds lead phosphate and lead acetate were first listed in
the Second Annual Report on Carcinogens in 1981 as reasonably an-
ticipated to be human carcinogens based on sufficient evidence of
carcinogenicity in experimental animals. The listing of lead and lead
compounds supersedes the previous listing of lead phosphate and
lead acetate in the Report on Carcinogens and applies to lead and
all lead compounds.

Carcinogenicity

Lead and lead compounds are reasonably anticipated to be human
carcinogens based on limited evidence of carcinogenicity from stud-
ies in humans and sufficient evidence of carcinogenicity from studies
in experimental animals.

Cancer Studies in Humans

Lead exposure has been associated with increased risk of lung, stom-
ach, and urinary-bladder cancer in diverse human populations (Fu

and Boffetta 1995, Steenland and Boffetta 2000, NTP 2003). The

strongest epidemiological evidence is for lung and stomach cancer,
which are consistently but weakly associated with occupations and

industries entailing lead exposure and with indices of individual lead

exposure, including job history and biological monitoring of occupa-
tionally exposed and general populations. However, most studies of
lead exposure and cancer reviewed had limitations, including poor

exposure assessment and failure to control for confounding by other

factors that could increase the risk of cancer (such as lifestyle factors

and concurrent occupational exposure to other carcinogens), and did

not demonstrate relationships between the level or duration of expo-
sure and the magnitude of cancer risk. The crude exposure measures

used in most studies, such as treating whole plants or occupations

as having uniform exposure, may have limited the magnitude of risk

estimates, most of which were modest. Evidence from epidemiolog-
ical studies therefore is compatible with small increases in the risk

of lung or stomach cancer; however, this evidence must be weighed

against the potential for confounding by factors such as smoking, diet,
or coexposure to arsenic.

Cancer Studies in Experimental Animals

Lead compounds caused tumors in several species of experimen-
tal animals, at several different tissue sites, and by several different
routes of exposure. Carcinogenicity was observed in studies with
inorganic lead compounds, both soluble (lead acetate and lead sub-
acetate) and insoluble (lead phosphate, lead chromate), and with tet-
raethyl lead (an organic lead compound). Lead caused cancer in rats
and/or mice exposed orally, by injection, or perinatally (via the pla-
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centa or lactation). Benign and malignant kidney tumors (adenoma,
carcinoma, and adenocarcinoma) were most frequently associated
with lead exposure, and tumors of the brain, hematopoietic system,
and lung were reported in some studies (IARC 1980, 1987).

Lead subacetate administered in the diet caused benign and ma-
lignant kidney tumors (adenoma and carcinoma or adenocarcinoma)
in mice and rats of both sexes and brain tumors (glioma) in rats, and
its administration by intraperitoneal injection caused benign lung
tumors (adenoma) in mice. Lead acetate administered in the diet or
drinking water caused benign and malignant kidney tumors (ade-
noma and carcinoma) in rats and increased the incidence of virus-
induced lymphocytic leukemia in mice. After pregnant mice were
given lead acetate in the drinking water from gestation day 12 to four
weeks postpartum, the offspring showed a dose-related increase in
proliferative lesions of the kidneys (including atypical hyperplasia,
adenoma, and adenocarcinoma) (Waalkes et al. 1995). Rats exposed
to lead phosphate by subcutaneous injection (alone or followed by
intraperitoneal injection) developed benign or malignant kidney tu-
mors (adenoma or carcinoma). Rats exposed to lead chromates by
subcutaneous injection developed cancer at the injection site (sar-
coma), and administration of lead chromates by intramuscular in-
jection caused kidney cancer (renal-cell carcinoma) (IARC 1990).
(Because lead chromate is also a hexavalent chromium compound, it
is also included in the listing for Chromium Hexavalent Compounds.)
Tetraethyl lead administered by subcutaneous injection caused lym-
phoma in female mice. Exposure to lead naphthenate, lead carbon-
ate, lead arsenate, lead nitrate, and metallic lead (as lead powder)
did not significantly increase tumor incidences in experimental an-
imals JARC 1980).

Studies on Mechanisms of Carcinogenesis

Exposure of rodents to lead compounds also increased the incidence
or accelerated the appearance of kidney tumors induced by other car-
cinogens, including N-ethyl-N-hydroxvethylnitrosamine and N-(4'-
fluoro-4-biphenyl)acetamide. Higher incidences of kidney and liver
cancer were observed in rats fed diets containing lead subacetate
and 2-acetylaminofluorene than in rats fed either lead subacetate or
2-acetylaminofluorene alone (IARC 1980, 1987).

Absorption of lead is affected by age, the chemical form of the
lead, and minerals in the diet (e.g., iron, calcium, and zinc) (ATSDR
1999). Gastrointestinal absorption of lead is greater in children than
in adults (Hammad et al. 1996). Once absorbed, lead is distributed to
blood plasma, the nervous system, and soft tissues. It subsequently is
redistributed and accumulates in bone; 75% to 90% of the lead body
burden is found in bones and teeth.

In studies of humans occupationally exposed to lead, there is ev-
idence to suggest that lead damages chromosomes or DNA. In most
studies, lead caused micronucleus formation, chromosomal aberra-
tions, and DNA damage, but studies on sister chromatid exchange
gave conflicting results. Genetic studies on humans environmentally
exposed to lead also gave conflicting results. Lead did not cause mu-
tations in bacteria, and results from test systems using mammalian
cells were conflicting. Lead caused chromosomal aberrations in most
studies in plants or mammals, both in vitro and in vivo. Tt caused
DNA damage or fragmentation in mammals in vivo and in cell-free
systems (in the presence of hydrogen peroxide), but mammalian in
vitro studies gave conflicting results. Lead also inhibited the activity
of DNA and RNA polymerase in cell-free systems and in mammalian
cell cultures. Conflicting results were observed for sister chromatid
exchange and micronucleus formation in mammalian test systems
(in vitro and in vivo) (ATSDR 1999, NTP 2003).
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The mechanisms by which lead causes cancer are not understood.
Lead compounds do not appear to cause genetic damage directly, but
may do so through several indirect mechanisms, including inhibition
of DNA synthesis and repair, oxidative damage, and interaction with
DNA-binding proteins and tumor-suppressor proteins (NTP 2003).

Properties

Elemental lead is an odorless, silver-bluish-white metal that is insol-
uble in water (Budavari et al. 1996, Lide and Frederikse 1998, HSDB
2009). It is soft, highly malleable, ductile, and a relatively poor con-
ductor of electricity. It is resistant to corrosion but tarnishes upon
exposure to air. Lead exists in the valence states of +2 and +4 and has
four naturally occurring stable isotopes: 2*Pb, °Pb, 2"Pb, and 2**Pb.
Inorganic lead compounds usually consist of lead in the divalent state
(+2), and the chemistry of divalent lead is similar to that of group
2 metals (beryllium, magnesium, calcium, strontium, and barium).

Lead compounds may be divided between those compounds that
are relatively soluble in water and those that are relatively insolu-
ble in water. Compounds are considered soluble or insoluble based
on the following criteria: (1) If a solubility constant (Kp) is avail-
able, a compound with a value greater than or equal to the K, for
lead chloride (1 x 107%) is considered soluble. (2) If a K, is not avail-
able, a compound is considered soluble if more than 2 g of the com-
pound dissolves in 100 mL of water. (3) If no numeric solubility data
are available, the compounds are considered soluble or insoluble ac-
cording to the general rules of solubility.

The major soluble lead compounds are lead acetate, lead acetate
trihydrate, lead chloride, lead nitrate, and lead subacetate; all are sol-
uble in water, and lead acetate trihydrate is miscible with water. Lead
acetate exists as colorless or white crystals, granules, or powders that
are soluble in glycerol and slightly soluble in ethanol. Lead acetate
trihydrate occurs as white crystals that are slightly soluble in etha-
nol and acetone. Lead chloride exists as a white crystalline powder
that is insoluble in ethanol. Lead nitrate occurs as colorless or white
crystals that are insoluble in nitric acid. Lead subacetate is a white
heavy powder that is soluble in ethanol (HSDB 2009).

The major insoluble lead compounds include 17 inorganic lead
compounds. Lead arsenate, lead azide, lead bromide, lead fluoride,
lead phosphate, lead stearate, lead sulfate, and lead thiocyanate oc-
cur as white powders, crystals, or needles. Lead carbonate occurs as
colorless rhombic crystals, and lead fluoborate occurs as a colorless
crystalline powder. Lead chromate, lead iodide, lead naphthenate, lead
oxide, and lead styphnate occur as yellow to reddish-yellow powder,
crystals, or paste. Lead sulfide occurs as metallic black cubic crys-
tals, and lead tetraoxide is a bright-red heavy powder. Lead arsenate,
lead fluoride, and lead phosphate are soluble in nitric acid, and lead
arsenate, lead carbonate, lead oxide, lead phosphate, lead sulfate, and
lead thiocyanate are soluble in potassium hydroxide or other alka-
lis. Lead bromide, lead iodide, lead oxide, lead phosphate, and lead
sulfate are insoluble in alcohol, and lead fluoborate decomposes in
alcohol. Lead tetraoxide is soluble in hydrochloric and acetic acids
and insoluble in ethanol. The reported melting points of these com-
pounds range from 100°C (lead naphthenate) to 1,170°C (lead sul-
fate). All of the insoluble inorganic lead compounds have high boiling
points (up to 1,470°C); however, lead carbonate decomposes before
it boils, and lead azide explodes at 350°C. Most of these compounds
have high specific gravities, ranging from 6.2 for lead sulfate to 9.53
for lead oxide, but a few have lower specific gravities, including lead
naphthenate (1.15), lead fluoborate (1.75), and lead thiocyanate (3.82)
(HSDB 2009, Akron 2010).

Tetraethyl lead and tetramethyl lead are insoluble organic lead
compounds. They both exist as colorless liquids and are soluble in
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benzene, ethanol, and diethyl ether. The octanol-water partition co-
efficients are 4.15 for tetraethyl lead and 2.97 for tetramethyl lead
(HSDB 2009). The following table lists physical and chemical prop-
erties for lead, the major soluble inorganic lead compounds, and the
organic lead compounds.

Substance Specificgravity Melting pt. Boiling pt.
Lead 11.34 327°C 1,740°C
Lead acetate 3.25 280°C dec
Lead acetate trihydrate 2.55 75°C 200°C (dec)
Lead chioride 5.85 501°C 950°C
Lead nitrate 4.53 470°C dec
Lead subacetate NR 75°C dec
Tetraethyl lead 1.659 -136.8°C 200°C
Tetramethyl lead 1.995 -30.2°C 110°C

Source: HSBD 2009. dec = decomposes. NR = not reported.

Use

In worldwide metal use, lead ranks behind only iron, copper, alu-
minum, and zinc (Howe 1981). Its largest use is in lead-acid storage
batteries for motor vehicles and general industry. Lead metal also is
commonly used for ammunition, cable covering, piping, brass and
bronze, bearing metals for machinery, and sheetlead (ATSDR 1999).

All of the major soluble lead compounds have industrial uses. Lead
acetate is used as a water repellent, for mildew protection, and as a
mordant for cotton dyes. Lead acetate trihydrate is used in varnishes,
chrome pigments, and as an analytical reagent, and lead chloride is
used in asbestos clutch or brake linings, as a catalyst, and as a flame
retardant. Lead nitrate is used in the manufacture of matches and
explosives, as a heat stabilizer in nylon, and as a coating on paper for
photothermography. Lead subacetate is used in sugar analysis and for
clarifying solutions of organic substances (HSDB 2009).

The insoluble lead compounds also have a variety of uses. Lead
azide and lead styphnate both are used in munitions manufacture.
Lead carbonate, lead fluoride, lead fluoborate, and lead naphthenate
are used as catalysts, with additional uses in the electronic and opti-
cal industries (lead fluoride), in coatings for thermographic copying
(lead carbonate), as a curing agent for epoxy resins (lead fluoborate),
and as a varnish drier (lead naphthenate). Lead phosphate and lead
stearate both are used as stabilizers in the plastics industry. Lead io-
dide and lead sulfate are used in photography; lead iodide is also
used in thermoelectric materials, and lead sulfate with zinc in gal-
vanic batteries. Lead oxide and lead sulfide are used in ceramics; lead
oxide is also used as a vulcanizing agent in rubber and plastics, and
lead sulfide as a humidity sensor in rockets. Lead chromate is used
as a pigment in paints, rubber, and plastics; lead tetraoxide is used
in plasters, ointments, glazes, and varnishes; and lead thiocyanate is
used in the manufacture of safety matches and cartridges. Lead ar-
senate formerly was used as an insecticide and herbicide, but no cur-
rent uses were found.

Organic lead (including tetraethyl lead and tetramethyl lead) was
widely used in the United States as an anti-knock additive in motor-
vehicle fuels until the U.S. Environmental Protection Agency initi-
ated a phase-out of leaded gasoline in the early 1970s. By 1988, the
total lead used in gasoline had been reduced to 1% of the 1970 level;
in 1996, the use oflead in fuel for on-road motor vehicles was totally
banned. Despite the legislated end to use of lead as a gasoline addi-
tive and reductions in some other uses of lead, overall U.S. lead con-
sumption continued to grow until 1999, mainly because of increased
production of lead-acid batteries (ATSDR 1999), but has since been
on a general decline (USGS 2009, 2010, Guberman 2010).
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Production

Lead is refined from mined ore, which occurs most frequently in the
form of lead sulfide, also known as galena (Howe 1981). Mined lead
ore is crushed and ground, and a lead concentrate is formed by sep-
aration of the various minerals. The lead concentrate is shipped to
a primary smelter for refining. At the smelter, lead concentrates are
sintered, roasted, and refined into lead metal that is 99.99% pure.
However, secondary lead, produced from recycled scrap (primarily
from lead acid batteries), accounts for the majority of lead produced
in the United States.

In 2009, 400,000 metric tons (882 million pounds) of lead was
mined in the United States, a slight decline from levels over the pre-
vious four years (USGS 2010). Primary lead production in the United
States has declined steadily over the past several decades, from a high
0f626,000 metric tons (1.4 billion pounds) in 1970 to 115,000 metric
tons (254 million pounds) in 2009 (USGS 2009, 2010). In contrast, sec-
ondary lead production has increased steadily over the same period,
from 450,000 metric tons (992 million pounds) in 1970 to 1,120,000
metric tons (2.5 billion pounds) in 2009, when it accounted for about
90% of the total refined lead produced in the United States. In 2009,
five lead mines in Missouri, plus lead-producing mines in Alaska and
Idaho, yielded most of the mined lead in the United States. Lead was
processed at one smelter-refinery in Missouri. Of the 21 plants that
produced secondary lead, 15 accounted for over 99% of secondary
production (USGS 2010).

From 1980 to 1999, lead consumption in the United States rose
steadily from 906,000 metric tons (2 billion pounds) to 1,760,000
metric tons (3.9 billion pounds), but consumption has since generally
declined; in 2009, it was 1,420,000 metric tons (3.1 billion pounds).
In 2009, lead was consumed at 76 manufacturing plants, with lead-
acid battery production accounting for 88% of U.S. lead consump-
tion. U.S. imports and exports of lead have fluctuated widely over
the past several decades. Imports have ranged from a low of 85,000
metric tons (187 million pounds) in 1980 to a high of 365,000 met-
ric tons (805 million pounds) in 2000; imports in 2009 were 275,000
metric tons (606 million pounds). Exports of refined lead metal have
ranged from alow of 5,000 metric tons (11 million pounds) in 1976 to
a high of 164,000 metric tons (362 million pounds) in 1980; exports
in 2009 were 85,000 metric tons (187 million pounds) (USGS 2010).

Lead acetate was first produced in the United States in 1944; how-
ever, little production information was found. Three companies re-
ported production of an undisclosed amount of lead acetate in 1977.
Production volumes were estimated at over 6,810 kg (15,000 Ib) in
1978 and over 2,270 kg (5,000 Ib) in 1982, and U.S. imports were
113 kg (250 Ib) in 1978 and 39,300 kg (87,000 Ib) in 1982 (IARC
1980, HSDB 2009). Lead nitrate was first commercially produced in
the United States in 1943, and imports of 480,000 kg (1.06 million
pounds) were reported in 1978, Commercial production of lead sub-
acetate was first reported in the United States in 1947; no production
data were found (IARC 1980).

Lead carbonate has been produced commercially in the United
States since the 1600s; in 1976, U.S. production was 1.48 million ki-
lograms (3.3 million pounds), with imports in 1978 of 178,000 kg
(392,000 1b) (IARC 1980). U.S. exports of lead carbonate in 2002 were
779,071 kg (1.7 million pounds) (USITC 2003). U.S. production of lead
oxide in 1976 was 120 million kilograms (260 million pounds), with
imports of 20 million kilograms (44 million pounds) (IARC 1980).
U.S. imports of lead oxides in 2002 totaled 3.9 million kilograms (8.6
million pounds), and exports totaled 1.7 million kilograms (3.7 mil-
lion pounds) (USITC 2003). Commercial production of lead naph-
thenate in the United States was first reported in 1944. Production
oflead naphthenate was 8.2 million kilograms (18.1 million pounds)
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in 1969, dropping to 2.2 million kilograms (4.9 million pounds) in
1977. U.S. production of lead tetraoxide in 1976 was 18 million kilo-
grams (39.7 million pounds), with imports of 800,000 kg (1.8 million
pounds) in 1976 and 1 million kilograms (2.2 million pounds) in 1979,
and exports were estimated at 1 million to 15 million kilograms (2.2
million to 33 million pounds) in 1977 (IARC 1980).

Tetraethyl lead was first produced commercially in the United
States in 1923. Production was 266 million kilograms (590 mil-
lion pounds) in 1964, dropping to 148 million kilograms (330 mil-
lion pounds) in 1977. U.S. imports of tetraethyl lead in 1978 were
17,000 kg (37,500 Ib). Commercial production of tetramethyl lead in
the United States began in 1960; 54 million kilograms (119 million
pounds) was produced in 1977, and 13,800 kg (30,400 Ib) was im-
ported in 1974 (IARC 1980).

Exposure

The routes of environmental exposure to lead resulting in its absorp-
tion into the body are inhalation (with 30% to 50% of the inhaled dose
absorbed into the bloodstream), ingestion (with 8% to 15% of the
ingested dose absorbed into the bloodstream) and, to a limited ex-
tent, dermal contact. Lead is released to the environment from both
natural and anthropogenic sources; however, most exposure results
from anthropogenic sources (e.g., mining, smelting, industrial uses).
Lead exists in various inorganic and organic forms, which affect its
environmental fate, transport, and bioavailability. Regardless of the
form, however, lead is not degraded and remains available for expo-
sure. In the mid 1980s, combustion of leaded gasoline contributed
about 90% of all anthropogenic lead emissions, but the percentage
decreased sharply through the late 1990s as a result of the phase-out
of leaded gasoline (ATSDR 1999, EPA 2003). Over 90% of the lead
released from the combustion of leaded gasoline was in the form of
inorganic lead halides (e.g., lead bromochloride), while less than 10%
was in the form of organic lead alkyls (e.g., tetraethyl lead). Tetraalkyl
lead compounds once accounted for 5% to 10% of the total particulate
lead present in the atmosphere but are no longer present in signifi-
cant quantities. Industrial processes, particularly lead smelters, are
now the primary source of lead emissions and accounted for more
than 78% of emissions in 2001 (EPA 2003).

According to EPA’s Toxics Release Inventory, over 4,000 facilities
released almost 22 million pounds of lead and 482 million pounds of
lead compounds to the environment in 2007 (TRI 2009). Concentra-
tions oflead in the air in the United States declined by 97% between
1976 and 1995 and by 57% between 1993 and 2002 (ATSDR 1999, EPA
2003). Ambient concentrations are highly variable but may exceed
10 pg/m® near industrial sources such as smelters (ATSDR 1999), A
1991 survey of lead levels in U.S. urban air found a maximum quar-
terly mean concentration of approximately 0.08 pyg/m®. Lead concen-
trations typically are lower in rural areas. In 1995, the estimated U.S.
mean air lead concentration was 0.04 pg/m® (EPA 1996). The esti-
mated daily average intake of lead by inhalation in 1991 was 2 ug for
an adult living in a U.S. urban setting, significantly lower than esti-
mates from the early 1980s (ATSDR 1999).

Lead concentrations in U.S. drinking water generally are below
5 pg/L. Lead also is found in food, cigarette smoke, and alcoholic
beverages. Levels in food have declined since the elimination of lead-
soldered food cans between 1979 and 1989 (ATSDR 1999). In 1990,
the estimated daily intake of lead from consumption of food, water,
and beverages was approximately 4 pg for children aged 2 years or
younger, 6 to 9 g for children aged 14 to 16, 6 to 9 pg for adults aged
25 to 30, and 2 to 8 pg for adults aged 60 to 65. For young children,
the most common source of environmental lead exposure is direct
ingestion of paint chips and lead-laden dust and soil released from

254

Substance Profiles

aging painted surfaces. These sources can contribute an additional
daily intake of 5 pg for a toddler engaging in normal hand-to-mouth
activity (CDC 1997, Lanphear et al. 1998).

The most common route of occupational exposure to lead is inha-
lation of lead fumes or lead-laden dusts in air and absorption of lead
through the respiratory system. Lead may also be ingested and ab-
sorbed via the gastrointestinal tract (Bress and Bidanset 1991, Stauber
et al. 1994). The National Institute for Occupational Safety and Health
has estimated that more than three million Americans potentially are
occupationally exposed to some form of lead (Staudinger and Roth
1998). Occupations having frequent high exposure to lead include
battery-production worker, battery-recycling worker, foundry worker,
lead chemical worker, lead smelter and refinery worker, leaded-glass
worker, pigment worker, and radiator-repair worker. Occupations
with a moderate frequency of high exposure include firing-range in-
structor, house renovator, lead miner, newspaper printer, plastics
worker, rubber worker, and steel welder or cutter. Occupations with
a low frequency of high exposure include automobile-repair worker,
cable-production worker, construction worker, demolition worker,
firing-range participant, flame-solder worker, plumber or pipe fit-
ter, pottery-glaze producer, ship-repair worker, and stained-glass
producer (Fu and Boffetta 1995, ATSDR 1999). For U.S. industries
identified by the Occupational Safety and Health Administration as
having significant airborne lead in the workplace, the mean concen-
tration ranged from 165 pg/m? at secondary smelters to 200 pg/m®
at storage-battery plants and brass, bronze, and copper foundries
(Froines et al. 1990).

Regulations

Consumer Product Safety Commission (CPSC)

Accessible parts of products designed or intended primarily for children 12 and younger may not
contain more than 300 ppm of lead; products exceeding this level are banned hazardous
substances.

Paint or any other surface-coating materials for consumer use shall not contain lead at levels greater
than 90 ppm.

Toys and other items for child use that bear paint with lead at levels greater than 0.06% of the total
weight of the solid or dried paint film are banned.

Furniture articles for consumer use that bear paint with lead at levels greater than 0.06% of the total
weight of the solid or dried paint film are banned.

Metal-cored candlewicks containing more than 0.06% lead by weight in the metal, and candles with
such wicks, are banned.

Department of Transportation (DOT)
Numerous specific lead compounds, and lead compounds not otherwise specified, are considered

hazardous materials and marine pollutants, and special requirements have been set for marking,
labeling, and transporting these materials.

Environmental Protection Agency (EPA)
Clean Air Act

National Ambient Air Quality Standards: National primary and secondary ambient air quality standard =
1.5 pg/m’ for lead and lead compounds.

National Emissions Standards for Hazardous Air Poffutants: Lead compounds are listed as a hazardous
air pollutant.

New Source Performance Standards: Manufacture of tetraethyl lead and tetramethyl lead is subject to
provisions for the control of volatile organic compound emissions.

Prevention of Accidental Release: Threshold quantity (TQ) = 10,000 Ib for tetramethyl lead.

Urban Air Toxics Strategy: Lead compounds are identified as one of 33 hazardous air pollutants that
present the greatest threat to public health in urban areas.

Mobile Source Air Toxics: Lead compounds are listed as a mobile source air toxic for which regulations
are to be developed.

As defined by the Clean Air Act, gasoline which contains lead additives or contains lead at a
concentration greater than 0.05 g/gal shall not be sold for use in motor vehicles.

Clean Water Act

Biosolids Rufe: Limits have been established for lead in bicsolids (sewage sludge) when used or
disposed of via land application or incineration.

Efffuent Guidelines: Lead and lead compounds are fisted as toxic pollutants.

Numerous lead compounds are designated as hazardous substances.
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Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 10 b for lead, lead acetate, lead chloride, lead fluoborate, lead fluoride,
lead iodide, lead nitrate, lead phosphate, lead stearate, lead subacetate, lead sulfate, lead sulfide,
lead thiocyanate, and tetraethyl lead; = 11b for lead arsenate.

Emergency Planning and Community Right-To-Know Act

Toxics Refease fnventory: Lead and lead compounds are listed substances subject to reporting
requirements.

Reportable quantity (RQ) = 10 Ib for tetraethy! lead; = 100 Ib for tetramethyl lead.

Threshold planning quantity (TPQ) = 100 Ib for tetraethyl lead and tetramethy! lead.

Federal Insecticide, Fungicide, and Rodenticide Act

All registrations for pesticides that have lead arsenate as an active ingredient have been canceled.

Resource Conservation and Recovery Act

Characteristic Hazardous Waste: Toxicity characteristic leaching procedure (TCLP) threshold = 5.0 mg/L.

Listed Hazardous Waste: Waste codes for which the fisting is based wholly or partly on the presence of
lead or lead compounds = F035, F037, F038, K002, K003, K005, K046, K048, K049, K051, K052,

K061, K062, K064, K069, K086, K100, K176, P110, P116, U144, U145, U146.
Lead and lead compounds are listed as hazardous constituents of waste.

Safe Drinking Water Act

Treatment technique, action level = 0.015 mg/L for lead.
Numerous requirements have been established to reduce exposure to lead in drinking water due to
lead leaching from lead pipes and lead fittings.

Toxic Substances Control Act

Aseller must disclose to the purchaser of a home any known lead-based paint hazards.
Comprehensive requlations have been developed to prevent lead-based paint poisoning in certain
residential structures.

Food and Drug Administration (FDA)

A conspicuous label shall be on the surface of ornamental or decorative ceramics that contain lead
warning that the vessel is not for food use and may be harmful if used for such.

A number of food additives generally recognized as safe are permitted for use in foods for human
consumption providing maximum lead levels do not exceed concentrations prescribed in
21CFR84.

Action levels for lead in ceramic ware, hotlowware, cups, mugs, and pitchers range from 0.5 to 7 pg/mL
of leaching solution.

Lead acetate hair coloring must provide warning labels and may be safely used in cosmetics intended
for coloring hair on the scalp if lead levels do not exceed 0.6% (weight to volume).

Lead solder may not be used in food packaging.

Maximum allowed levels of lead in various color additives used in food, drugs, cosmetics, and medical
devices are provided 21 CFR 73 and 74.

Maximum permissible level of lead in bottled water = 0.005 mg/L.

Select food additives are permitted for use in animal feed with maximum lead levels ranging from
10t0 30 ppm.

Restrictions on the use of lead in various food additives are prescribed in 21 CFR 172.

Limits on the use of lead in feed and drinking water of animals are prescribed in 21 CFR 584.

Tin-coated lead foil capsules shall not be used for wine bottles.

Department of Housing and Urban Development (HUD)

HUD's Lead-Based Paint Disclosure Rule requires that a seller or lessor disclose to the purchaser the
presence of any lead-based paint in a home for sale, provide an EPA pamphlet on the health
effects of lead, provide records on lead-based paint used in home, and provide a 10-day period to
conduct a home inspection for lead-based paint or lead-based paint hazards.

HUD has established regulations to implement the provisions set forth in the Residential Lead-Based
Paint Hazard Reduction Act. In part, the goals of these requlations are to develop a national
strateqy to build the infrastructure necessary to eliminate lead-based paint hazards in all housing
as expeditiously as possible, and to ensure that the existence of lead-based paint hazards is taken
into account in the development of government housing policies and in the sale, rental, and
renovation of homesand apartments.

Occupational Safety and Healith Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Permissible exposure limit (PEL) = 0.050 mg/m3 for metallic lead, inorganic lead compounds, and
organic fead soaps.

Comprehensive standards have been developed for occupational exposure to metallic lead, all
inorganic lead compounds, and organic lead soaps.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value ~ time-weighted average (TLV-TWA) = 0.05 mg/m’ for lead, inorganic lead
compounds, and lead chromate; = 0.15 mg/m’ for tetramethyl lead; = 0.1 mg/m* for tetraethyl
lead.
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Consumer Product Safety Commission (CPSC)

Manufacturers are requested to eliminate the use of lead that may be accessible to children from
products used in or around households, schools, or in recreation.

It is recommended that before purchasing products for resale, importers, distributors, and retailers
make assurances that those products do not contain lead that may be accessible to children.

National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) = 0.05 mg/m3 {as metallic lead) for metallic lead, lead oxides, and
lead salts (including organic salts such as lead soaps but excluding lead arsenate); = 0.002 mg/m’
{as arsenic) for lead arsenate (15-min exposure) (listing for inorganic arsenic compounds).

Immediately dangerous to life and health (IDLH) limit = 100 mg/m3 {as metallic lead).

Air concentrations should be maintained so that worker blood-lead levels remain at fess than 0.06 mg
Pb/100 g of whole blood.
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Lindane, Hexachlorocyclohexane (Technical
Grade), and Other Hexachlorocyclohexane
Isomers

CAS No. 58-89-9 (Lindane)

Reasonably anticipated to be human carcinogens
First listed in the Second Annual Report on Carcinogens (1981)

Lindane is also known as y-hexachlorocyclohexane

Cl
Cl Cl

Cl Cl

Cl
Carcinogenicity
Lindane (as y-hexachlorocyclohexane), hexachlorocyclohexane (tech-
nical grade), and other hexachlorocyclohexane isomers are reasonably
anticipated to be human carcinogens based on sufficient evidence of
carcinogenicity from studies in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to technical-grade hexachlorocyclohexane or individ-
ual isomers caused tumors in rodents at two different tissue sites.
Dietary administration of technical-grade hexachlorocyclohexane
(66.5% o isomer, 11.4% [ isomer, 15.2% lindane, 6.4% & isomer, and
0.5% other isomers), lindane, a- or B-hexachlorocyclohexane, or mix-
tures of various isomers caused liver tumors in both sexes of several
strains of mice (IARC 1979). Dietary administration of the o isomer
also caused liver tumors in rats (Schulte-Hermann et al. 1981, IARC
1987). In addition, dietary exposure to technical-grade hexachloro-
cyclohexane caused tumors of the lymphoreticular system in mice
of both sexes (Kashyap et al. 1979, IARC 1982).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to hexachlorocyclohexane or its isomers. Three cases of leu-
kemia (paramyeloblastic and myelomonocytic) were reported in men
exposed to lindane with or without coexposure to other chemicals
(TARC 1974, 1979). Many cases of aplastic anemia have also been
associated with exposure to hexachlorocyclohexane or lindane, and
death from lung cancer was increased among agricultural workers
who had used hexachlorocyclohexane (unspecified) and a variety of
other pesticides and herbicides.

Properties

Hexachlorocyclohexane isomers, including lindane, are organochlo-
rine pesticide compounds that are brownish to white crystalline pow-
ders with a penetrating musty odor (IARC 1974). Technical-grade
hexachlorocyclohexane is a mixture of several hexachlorocyclohex-
ane isomers. Each isomer has slightly different physical and chemical
properties, including solubilities. The a isomer is practically insolu-
ble in water but soluble in chloroform and benzene. The B isomer is
very slightly soluble in water and slightly soluble in chloroform and
benzene. The y isomer (lindane) is practically insoluble in water but
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very soluble in chloroform, ethanol, acetone, ether, and benzene. The
J isomer is practically insoluble in water but soluble in ethanol, ether,
and benzene. Technical-grade lindane (99% y isomer) (HSDB 2009) is
stable under normal temperature and pressure (Akron 2009). Physical
and chemical properties of «-, 3, y-, and 8-hexachlorocyclohexane
(HCH) are listed in the following table.

Property a-HCH B-HCH y=-HCH &-HCH

Molecular weight  290.8 290.8 290.8 290.8

Specific gravity 1.87 1.89 1.85 NA

Melting point 158°C 309°C 112.5°C 141.5°C

Boiling point 288°C 60°C at 3234°Cat 60°C at

0.50mmHg 760 mm Hg 0.36 mm Hg

Log K., 3.8 3.78 3.72 4.14

Water solubility ~ 0.002g/L® 00002¢g/L®>  00073¢g/L° 00314 g/l

Vapor pressure  45x 107 36x107 420%x10°  35x%x107°
mm Hg® mm Hg® mm Hg® mm Hg®

Source: HSDB 2009. NA = not available. *At 25°C. PAt 20°C

Use

The only identified uses for hexachlorocyclohexane-containing prod-
ucts are based on the insecticidal activity of the y isomer (lindane),
which is considered to be the only insecticidally effective compo-
nent (Extoxnet 1996). Lindane or technical-grade hexachlorocyclo-
hexane containing the y isomer is used primarily as an insecticide in
the treatment of wood and wooden structures, seed grains, and live-
stock (ATSDR 2005, HSDB 2009). Other major uses are as an insec-
ticide for several dozen fruit and vegetable crops, in baits and seed
treatments for rodent control, and for treatment of scabies (mites)
and lice. It is approved by the U.S. Food and Drug Administration for
use in three products for the treatment of lice and scabies (one lotion

and two shampoos) (FDA 2009). Agricultural and pesticide uses ac-
counted for about 270,000 kg (594,000 Ib) of lindane and 450,000 kg
(1 million pounds) of technical-grade hexachlorocyclohexane in 1974;

the remaining uses were industrial or pharmaceutical (IARC 1979).

Production

Technical-grade hexachlorocyclohexane is produced as a mixture
of isomers (primarily the «, B, y, 8, and ¢ isomers) by photochlo-
rination of benzene, a reaction that can be started by free-radical
initiators such as visible or ultraviolet light, X-rays, or gamma rays
(ATSDR 2005). The active y-hexachlorocyclohexane (lindane) can
be concentrated by treatment with methanol or acetic acid, followed
by fractional crystallization, which produces technical grade lindane
containing 99.9% y isomer. Commercial production of lindane in
the United States began in 1945 and peaked in the 1950s, when 17.6
million pounds was manufactured (IARC 1974). Lindane is no lon-
ger produced commercially in the United States, but it is produced
by 13 manufacturers worldwide, including 7 in India and 4 in China
(SRI 2009), and is available from 42 suppliers, including 19 U.S. sup-
pliers (ChemSources 2009). U.S. imports of hexachlorocyclohexane
increased from 310,000 1b to 1.4 million pounds between 1989 and
1999 imports, declining to zero in 2005 and remaining zero through
2008 except in 2006, when 73,000 Ib was imported. U.S. exports of
hexachlorocyclohexane increased from zero in 1990 to 1.5 million
pounds in 2005, declining to 154,000 1b in 2008 (USITC 2009).

Exposure

The routes of potential human exposure to lindane and other hexa-
chlorocyclohexane isomers are ingestion, inhalation, and dermal
contact (HSDB 2009). The general population potentially is exposed
through consumption of foodstuffs contaminated with pesticide res-
idues. According to U.S. Food and Drug Administration’s Total Diet
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Survey, lindane was detected in 279 of 2,168 samples and in at least
one sample of all 54 different food items analyzed (FDA 2006). Most
of the food items in which lindane was detected had significant fat
content; however, the highest lindane concentrations were in pickles
and raw mushrooms, which have low fat content. Daily dietary intake
of hexachlorocyclohexane isomers by the adult U.S. population was
estimated at 0.010 pg/kg (10 ng/kg) of body weight for all isomers and
0.002 pg/kg (2 ng/kg) for lindane. For 1982 to 1984, the estimated di-
etary intake of lindane was 1.9 ng/kg of body weight for infants aged 6
to 11 months and 7.9 ng/kg for toddlers aged two years, who had the
highest average daily intake. By 1986 to 1991, daily intake had fallen
to 0.8 ng/kg for infants and 3.2 ng/kg for toddlers (ATSDR 2005).

Dermal exposure occurs when shampoos and lotions containing
lindane are used for the treatment of lice and scabies (FDA 2009). The
highest average blood concentration of lindane measured in children
after scabies treatment with one of these products was 0.028 pg/mL
(ATSDR 2005).

According to the U.S. Environmental Protection Agency’s Toxics
Release Inventory, environmental releases of lindane ranged from 314
and 2,1181b between 1988 and 1997. In 1998, over 25,000 b was sent
to a hazardous-waste landfill. By 2006, releases had declined to 10 Ib.
In 2007, five facilities released a total of 1,555 1b of lindane, mostly off
site for unspecified management (TRI 2009). Lindane was found in
at least 189 hazardous-waste sites currently or formerly on the Na-
tional Priorities List; it occurred in air at 9 sites, surface water at 33
sites, sediment at 36 sites, and soil at 90 sites. The Non-Occupational
Pesticide Exposure Study, published in 1990, collected personal air
samples at one U.S. location with high pesticide usage and one with
low to medium usage. The range of mean y-hexachlorocyclohexane
concentration was 7 to 22 ng/m?® at the high-usage site and 0.7 to
5 ng/m® at the low- to medium-usage site (ATSDR 2005).

Hexachlorocyclohexane isomers have been detected in human fatty
tissue, blood, and breast milk. The National Human Adipose Tissue
Survey (NHATS), conducted in 1982, found B-hexachlorocyclohexane
in 87% of composite post-mortem samples of fatty tissue. According
to NHATS data, the mean concentration of B-hexachlorocyclohexane
in fat decreased from 0.45 ppm in 1970 to 0.16 ppm in 1981. The
levels were highest in the southern United States. In the 1970s, the
National Health and Nutrition Examination Survey (NHANES)
found B-hexachlorocyclohexane in blood at a median concentra-
tion of 1.7 ppb. When the NHANES was repeated in 1999 to 2000,
the geometric mean concentration of B-hexachlorocyclohexane and
y-hexachlorocyclohexane in serum lipid was 9.68 ng/g (ppb) for indi-
viduals over 12 vears of age (ATSDR 2005). B-Hexachlorocyclohexane
was measured in breast milk at a concentration of 0.6 ng/g in Cana-
dian populations living near the Great Lakes. In the Netherlands, con-
centrations of y-hexachlorocyclohexane in breast-milk fat in 1988
ranged from 0.01 to 0.24 mg/kg (HSDB 2009). Many other studies
in populations throughout the world, especially Arctic populations,
have found hexachlorocyclohexane isomers in blood, fat, and breast-
milk samples. Hexachlorocyclohexane isomers have been measured
at higher concentrations in all types of samples in areas of the world
where lindane is still extensively used for pest control, such as In-
dia and Africa.

The National Occupational Exposure Survey (conducted from 1981
to 1983) estimated that 15,036 workers, including 5,153 women, po-
tentially were exposed to lindane (NIOSH 1990). No occupational
exposure data were found for other hexachlorocyclohexane isomers.
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Regulations

Department of Transportation (DOT)

Lindane is considered a marine pollutant, and special requirements have been set for marking, labeling,
and transporting this material.

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Lindane (all isomers) is listed as a hazardous
air pollutant.

Clean Water Act

Effluent Guidelines: Hexachlorocyclohexane is listed as a toxic pollutant.

Water Quality Criteria: Based on fish or shelifish and water consumption = 0.98 pg/L for lindane;
=0.0026 pg/L for the aisomer; = 0.0091 pg/L for the B isomer; based on fish or shelifish
consumption only = 1.8 pg/L for lindane; = 0.0049 ug/L for the a isomer; = 0.017 g/L for the
B isomer.

Lindane is designated a hazardous substance.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 11b for lindane, all isomers.

Emergency Planning and Community Right-To-Know Act

Toxics Refease inventory: Lindane and a-hexachlorocyclohexane are listed substances subject to
reporting requirements.

Reportable quantity (RQ) = 1 ib for lindane.

Threshold planning quantity (TPQ) = 1,000 Ib for lindane solid in powder form with particle size
< 100 pym or solution or molten form; = 10,000 Ib for indane in all other forms.

Federal Insecticide, Fungicide, and Rodenticide Act

Tolerances for lindane residue in various animal fats range from 4 to 7 ppm.

Resource Conservation and Recovery Act

Characteristic Hazardous Waste: Toxicity characteristic leaching procedure (TCLP) threshold = 0.4 mg/L
for lindane.

Listed Hazardous Waste: Waste codes for which the listing is based wholly or partly on the presence of
lindane or hexachlorocyclohexane = U129, F024.

Lindane is listed as a hazardous constituent of waste.

Safe Drinking Water Act

Maximum contaminant level (MCL) = 0.0002 mg/L for indane.

Food and Drug Administration (FDA)

Maximum permissible level in bottled water = 0.0002 mg/L for lindane.

Action levels for lindane in food and in animal feed range from 0.1 to 0.5 ppm.

Lindane is a prescription drug subject to labeling and other requirements.

Occupational Safety and Health Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELS for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.
Permissible exposure limit (PEL) = 0.5 mg/mgfor lindane.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value ~ time-weighted average {TLY-TWA) = 0.5 mg/m’ for lindane.

National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) = 0.5 mg/m3 for lindane.

Immediately dangerous to life and health {IDLH) limit = 50 mg/m’ for lindane.

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.
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Melphalan
CAS No. 148-82-3

Known to be a human carcinogen

First listed in the First Annual Report on Carcinogens (1980)
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Carcinogenicity

Melphalan is known to be a human carcinogen based on sufficient
evidence of carcinogenicity from studies in humans.

Cancer Studies in Humans

Epidemiological studies found that patients treated with melphalan
for breast cancer, ovarian cancer, and bone-marrow cancer (multi-
ple myeloma) had an increased risk of leukemia (relative risk > 100).
The risk of leukemia increased with increasing dose of melphalan but
was not affected by co-exposure to radiation therapy (IARC 1987).

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of melphalan from
studies in experimental animals. When administered by intraperi-
toneal injection, melphalan caused cancer of lymphatic tissue (lym-
phosarcoma) in male mice, lung tumors in mice of both sexes, and
cancer of the abdominal cavity (sarcoma of the peritoneum) in rats
of both sexes (IARC 1975, 1987).

Properties

Melphalan is an alkylating agent that is a white to buff odorless pow-
der at room temperature. It is practically insoluble in water, insoluble
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in chloroform and ether, slightly soluble in methanol, and soluble in
ethanol, propylene glycol, 2% carboxymethylcellulose, and alkaline
and dilute acid solutions. It hydrolyzes in aqueous solution (IARC
1975). Physical and chemical properties of melphalan are listed in
the following table.

Property Information

Molecular weight 305.2°

Melting point 182°C to 183°C {decomposes)®
Log Ky, ~0.52 (at pH 7)°

Water solubility 0.0457 g/L at 25°C*

Vapor pressure 3 % 107" mm Hg at 25°C"

Sources: *HSDB 2009, ®°ChemIDplus 2009.

Use

Melphalan is used as a drug to treat cancer and other medical con-
ditions, including ovarian cancer, malignant melanoma, multiple
myeloma (bone-marrow cancer), breast cancer, advanced prostate
cancer, testicular cancer (seminoma), chronic myelogenous leuke-
mia, osteogenic sarcoma (childhood bone cancer), polycythemia
vera (overproliferation of blood cells), amyloidosis (accumulation of
amyloid protein in tissues), and scleromyxedema (a rare skin dis-
ease). It is also used as an insect chemosterilant IARC 1975, HSDB
2009, MedlinePlus 2009).

Production

In 2009, melphalan was produced by one U.S. manufacturer (HSDB

2009) and was available from 11 U.S. suppliers (ChemSources 2009),
and drug products approved by the U.S. Food and Drug Administra-
tion containing melphalan as the active ingredient were produced by

one U.S. pharmaceutical company (FDA 2009). Imports of melpha-
lan totaled 165 kg (364 1b) in 1983 (HSDB 2009). No other data on

U.S. imports or exports of melphalan were found.

Exposure

The general population is not expected to be exposed to melphalan,
because its use is limited to medical treatment. Melphalan is available
in 2-mg tablets and in an injectable form (melphalan hydrochloride,
in 50-mg vials) (FDA 2009). The usual oral dose is 6 mg daily for two
to three weeks, followed by a rest period of about four weeks. Main-
tenance therapy is usually 2 to 4 mg per day. For intravenous therapy,
the usual dose is 16 mg/m? infused over 15 to 20 minutes, repeated
at two-week intervals for four doses and then at four-week inter-
vals (Chabner ez af. 2001). In 2009, 428 clinical trials involving mel-
phalan were in progress or recently completed (Clinical Trials 2009).
Health professionals who handle melphalan, such as pharmacists,
nurses, and physicians, could potentially be exposed during drug
preparation, administration, or cleanup; however, exposure can be
avoided through use of appropriate containment equipment and work
practices (Zimmerman et al. 1981). One study reported that exposure
of hospital personnel to melphalan could be reduced by treating ex-
cess solutions, spills, and urinals with chlorine bleach (Hansel et al.
1997). Occupational exposure also may occur during drug formula-
tion or packaging. The National Occupational Exposure Survey {con-
ducted from 1981 to 1983) estimated that 2,418 workers, including
974 women, potentially were exposed to melphalan (NIOSH 1990).

Regulations

Consumer Product Safety Commission (CP5C)

Any orally administered prescription drug for human use requires child-resistant packaging.
Environmental Protection Agency (EPA)

Comprehensive Environmental Response, Compensation, and Liability Act
Reportable quantity (RQ)=11b.
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Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the fisting is based wholly or partly on the presence of
melphalan = U150.

Listed as a hazardous constituent of waste.

Food and Drug Administration (FDA)

Melphalan is a prescription drug subject to specific labeling requirements.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.
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Methoxsalen with Ultraviolet A Therapy

CAS No.: none assigned
Known to be a human carcinogen
First listed in the Fourth Annual Report on Carcinogens (1985)

Methoxsalen is also known as 8-methoxypsoralen (CAS No. 298-
81-7)

Methoxsalen with ultraviolet A therapy is also known as PUVA

Carcinogenicity
Methoxsalen (psoralen) with ultraviolet A (UVA) long-wave therapy

(PUVA) is known to be a human carcinogen based on sufficient evi-
dence of carcinogenicity from studies in humans.
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Methoxsalen with Ultraviolet A Therapy

Cancer Studies in Humans

A cohort study of 1,380 psoriasis patients treated with PUVA found
that the risk of skin cancer (squamous-cell carcinoma) increased with
increasing exposure to PUVA; exposure to high doses of PUVA in-
creased the risk of cancer by more than 50-fold. The risk was in-
dependent of any possible confounding by treatment with ionizing
radiation or coal tar. An association between basal-cell carcinoma
and PUVA exposure also was observed; however, the estimated risk
at high exposure was fourfold lower than that observed for squamous-
cell carcinoma. Increased risks of skin cancer were not reported in
two smaller cohort studies; one study included only 94 patients, and
the other used a low dose and may not have had sufficient statisti-
cal power to detect an effect. A case-control study also reported an
increased risk of skin cancer among psoriasis patients treated with
PUVA. Supporting the association between skin cancer and PUVA
exposure are several case reports of skin cancer (basal-cell and squa-
mous-cell carcinoma and malignant melanoma) in patients treated
with PUVA for psoriasis or mycosis fungoides (a form of lymphoma
primarily affecting the skin). In two small randomized clinical tri-
als evaluating whether methoxsalen would protect against sunlight-
induced skin cancer (by increasing pigmentation and cornification of
the skin}, methoxsalen administered alone for over two years did not
affect the incidence of skin cancer (IARC 1980, 1982, 1987).

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of PUVA from
studies in experimental animals. Methoxsalen administered in the
diet, by intraperitoneal injection, or by dermal application in combi-
nation with ultraviolet light caused benign and malignant epidermal
and dermal skin tumors in mice. These included epidermal papilloma
and carcinoma, squamous-cell carcinoma, fibrosarcoma, lympho-
sarcoma, basal-cell carcinoma, and hemangioma. Some squamous-
cell and basal-cell carcinomas metastasized. Malignant tumors of
the ears and the eye region (epidermal fibrosarcoma and squamous-
cell carcinoma) were observed in female mice following intraperito-
neal administration of methoxsalen and exposure to ultraviolet light
(IARC 1980, 1987).

Studies on Mechanisms of Carcinogenesis

Methoxsalen readily absorbs ultraviolet light, particularly UVA wave-
lengths (320 to 400 nm). As a photosensitizing agent, it can produce

phototoxic erythema (a reaction similar to sunburn) when skin to

which it has been applied receives excess exposure to UVA. Chronic

reactions may result in hyperpigmentation and skin thickening. UVA
causes a photochemical reaction that results formation of adducts

between methoxsalen and the pyrimidine bases of DNA (Rice and

Cohen 1996).

Properties

Methoxsalen belongs to a group of drugs known as psoralen deriv-
atives and exists as white to cream-colored fluffy crystals at room
temperature (NTP 1989). It is practically insoluble in water, sparingly
soluble in ether and liquid petrolatum, soluble in boiling alcohol, ac-
etone, benzene, acetic acid, fixed vegetable oils, and propylene glycol,
and freely soluble in chloroform. Methoxsalen is easily hydrolyzed
and is unstable in the presence of air and light (Akron 2009). Physi-
cal and chemical properties of methoxsalen are listed in the follow-
ing table. (For properties of ultraviolet radiation, see the profile for
Ultraviolet Radiation Related Exposures.)
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Methoxsalen with Ultraviolet A Therapy

Property Information
Molecular weight 216.2°

Density 1.539 g/cm®®
Melting point 148°C*

Boiling point 415°Ch

Log Ky, 2.14°

Water solubility 0.0476 g/L at 30°C°

Vapor pressure 4% 107 mm Hg at 25°C°
Sources: *HSDB 2009, ®Akron 2009, ‘CherniDplus 2009.

Use

Psoralen-containing plant extracts were first used in photochemo-
therapy to treat vitiligo in Egypt and India as far back as 1500 B.C. The
acronym PUVA was coined in 1974 following successful treatment of
severe psoriasis with 8-methoxypsoralen and UVA. Methoxsalen is
now used in combination with UVA in the treatment of vitiligo, se-
vere psoriasis, atopic dermatitis, alopecia areata, lichen planus, ur-
ticaria pigmentosa, cutaneous T-cell lymphoma, and some forms of
photosensitivity (Wyatt et al. 2001).

Topical, bath, oral, and extracorporeal (outside the body) treat-
ments are available by prescription only. To treat vitiligo, the topical
solution is applied to the affected area and allowed to dry for several
minutes before a second application, and the treated area is exposed
to UVA about 2 hours later. For bath treatment of small areas (e.g.,
hands and feet), the area to be treated is soaked in a dilute solution of
methoxsalen for 30 minutes and then immediately exposed to UVA.
Oral preparations include hard and soft gelatin capsules for treat-
ment of mycosis fungoides, psoriasis, and vitiligo; they may be given
two or three times per week with at least 48 hours between doses.
Methoxsalen also is used along with UVA to treat white blood cells
to control skin problems caused by cutaneous T-cell lymphoma, a
cancer of the lymphatic system. The white blood cells are removed
from the blood, treated in a process called “photopheresis,” and re-
turned to the body (LLS 2006).

Production

Methoxsalen is produced naturally by several plants (e.g., limes,
celery, figs, and parsnips) found in both temperate and tropical re-
gions (Drugge and Dunn 2003). It was first marketed in the United
States in 1955. In 1980, one U.S. company reportedly produced the
chemical, but no production data were available (IARC 1980). In 2009,
no U.S. producers of methoxsalen were identified (SR 2009), but it
was available from 14 U.S. suppliers (ChemSources 2009), and four
drug products approved by the U.S. Food and Drug Administration
containing methoxsalen as the active ingredient were produced by
two U.S. pharmaceutical companies (FDA 2009).

Exposure

The primary routes of human exposure to methoxsalen are dermal
contact and ingestion. Individuals with skin diseases may be exposed
to PUVA during treatment. Methoxsalen rapidly penetrates the epi-
dermis and dermis upon contact with the skin. For medicinal effec-
tiveness, both oral and topical administration require subsequent
exposure to UVA (at 320 to 400 nm). Methoxsalen formulations are
available in 10-mg capsules (hard and soft), 1% topical solutions, and
0.02 mg/mL injectable solutions (FDA 2009). The oral dosage (for
adults and children aged 12 years or older) is 0.4 to 0.6 mg/kg of
body weight, given 1.5 to 4 hours before UVA exposure (Wyatt et al.
2001). Because of differences in phototoxic response, the initial UVA
dose must be determined for each individual. Under one protocol,
the initial UVA dose is based on an individual’s minimal phototoxic
dose (the dose that when given with the appropriate dose of methox-
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salen produces erythema), which is determined by exposing small
areas of the thigh to UVA doses increasing from 0.5 to 9 J/cm®. Al-
ternatively, the initial UVA dose is based on the patient’s skin type;
patients with fairer skin that burns easily receive lower doses than
those with darker skin that is less prone to burn. Following the initial
dose, therapy usually is repeated two to four times per week, and the
UVA dose is increased by 0.5 to 2.0 J/cm?® per treatment. Generally,
the dose of methoxsalen is not increased during treatment (Kostovi¢
et al. 2002). No information was found regarding the number of peo-
ple treated with PUVA therapy.

Occupational exposure to methoxsalen may occur during prep-
aration, formulation, administration, or application of the pharma-
ceutical products. Individuals occupationally exposed to methoxsalen
may also be exposed to ultraviolet light during therapy or during sub-
sequent exposure to sunlight.

Regulations

Consumer Product Safety Commission (CP5C)

Any orally administered prescription drug for human use requires child-resistant packaging.
Food and Drug Administration (FDA)

PUVA is requlated as a prescription drug or therapy.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.
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2-Methylaziridine
CAS No. 75-55-8

Reasonably anticipated to be a human carcinogen
First listed in the Fourth Annual Report on Carcinogens (1985)

Also known as propylenimine

Carcinogenicity
2-Methylaziridine is reasonably anticipated to be a human carcino-

gen based on sufficient evidence of carcinogenicity from studies in
experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to 2-methylaziridine caused tumors at several differ-
ent tissue sites in rats. Administration of 2-methylaziridine by stom-
ach tube for 28 or 60 weeks caused mainly mammary-gland cancer
in females and leukemia in males. Increased incidences were also re-
ported for cancer of the central nervous system (glioma) and ear canal
(squamous-cell carcinoma) in both sexes and of the intestine (ade-
nocarcinoma) in males (IARC 1975, 1999, Weisburger et al. 1981).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the relation-
ship between human cancer and exposure specifically to 2-methyl-
aziridine.

Properties

2-Methylaziridine is the simplest heterocyclic amine and is a reactive
alkylating agent (IARC 1999), It exists at room temperature as a color-
less oily liquid with an ammonia-like odor and is miscible with water
and soluble in ethanol and most organic solvents (Akron 2009, HSDB
2009). 2-Methylaziridine undergoes violent polymerization on con-
tact with acids or acid vapors and may explode. Physical and chem-
ical properties of 2-methylaziridine are listed in the following table.

Property Information

Molecular weight 57.1°

Specific gravity 0.812 at 16°C/4°C°

Melting point -65°C?

Boiling point 66°C to 67°C at 760 mm Hg®
Log K, 0.13°

Water solubility 1,000 g/L®

Vapor pressure 112 mm Hg at 20°CP
Vapor density relative to air 22

Sources: *HSDB 2009, "ChemiDplus 2009.

Use

2-Methylaziridine is used in the United States exclusively as a chem-
ical intermediate, and its derivatives are used in the paper, textile,
rubber, and pharmaceutical industries (IARC 1975, HSDB 2009). Be-
cause it easily forms imines, its primary use is in the modification of
latex surface-coating resins to improve adhesion. Because of the sub-
stantive bonding of imines to cellulose derivatives, polymers modi-
fied with 2-methylaziridine or its derivatives have been used in the
adhesive, textile, and paper industries. 2-Methylaziridine has been
used to modify dyes for specific adhesion to cellulose, and derivatives
have been used in photography, gelatins, and synthetic resins. In the
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oil-additive industry, 2-methylaziridine and its derivatives have been
used as modifiers for viscosity control, high-pressure performance,
and oxidation resistance. Other applications include use in floccu-
lants in petroleum refining, as a modifier for rocket propellant fuels,
in fiber modification, and in imine derivatives for use in medicinal
and agricultural chemicals.

Production

In 2009, 2 methylaziridine was produced by one manufacturer in

the United States and one in Europe (SRI 2009) and was available

from nine suppliers, including six U.S. suppliers (ChemSources 2009).
U.S. production of 2 methylaziridine was at least 100,000 1b in 1977,
but had fallen to 5,000 1b by 1982 (HSDB 2009). Reports filed from

1986 through 2002 under the U.S. Environmental Protection Agen-
cy’s Toxic Substances Control Act Inventory Update Rule indicated

that U.S. production plus imports of 2 methylaziridine totaled 10,000

to 500,000 Ib (EPA 2004). No other data on U.S. production, imports,
or exports of 2 methylaziridine were found.

Exposure

The primary routes of potential human exposure to 2-methylaziri-
dine are inhalation, ingestion, and dermal contact (HSDB 2009). Ac-
cording to EPA’s Toxics Release Inventory, environmental releases of
2-methylaziridine between 1988 and 2009 ranged from alow of 89 Ib
in 2000 to a high of 1,482 Ib in 2009. Nearly all of the releases have
been to air, with small quantities (~5 1b per year) released to surface
water or off-site landfills. In 2007, three facilities released a total of
1,482 1b (TRI 2009). If released to air, 2-methylaziridine is expected
to exist in the vapor phase and can react with photochemically gener-
ated hydroxyl radicals, with a half-life of 1.6 days (HSDB 2009). If re-
leased to surface water or moist soil, it is expected to hydrolyze, with
a half-life of 17.5 days. Although it can be mobile in soil, 2-methyl-
aziridine does not leach into groundwater, because it degrades very
rapidly. It may also volatilize relatively slowly from wet soil or sur-
face water but relatively rapidly from dry soil.

Because of its volatility, occupational exposure could occur dur-
ing production, packaging, or use of substances made with 2-methyl-
aziridine (HSDB 2009). The National Occupational Hazard Survey
(conducted from 1972 to 1974) estimated that 20 workers potentially
were exposed to 2-methylaziridine in 1974 (HSDB 2009). The Ameri-
can Conference of Governmental Industrial Hygienists noted the po-
tential for dermal exposure, including via the mucous membranes and
eyes, by airborne or direct contact and have given 2-methylaziridine
a skin designation (ACGIH 2009).

Regulations

Department of Transportation (DOT)

2-Methylaziridine is considered a hazardous material, and special requirements have been set for
marking, labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

Prevention of Accidental Release: Threshold quantity (TQ) = 10,000 Ib.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ)=11b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Reportable quantity (RQ) = 11b.

Threshold planning quantity (TPQ) = 10,000 Ib.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the listing is based wholly or partly on the presence of
2-methylaziridine = P067.

Listed as a hazardous constituent of waste.
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Occupational Safety and Health Administration (OSHA)

While this section accurately identifies OSHA' legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.
Permissible exposure limit (PEL) =2 ppm (5 mg/mg).

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLV-TWA) = 0.2 ppm (0.5 mg/m®)
Threshold limit value — short-term exposure limit (TLV-STEL) = 0.4 ppm (1 mg/mg)
National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) = 2 ppm (5 mg/mg).
Immediately dangerous to life and health (IDLH) limit = 100 ppm (250 mg/m?).
Listed as a potential occupational carcinogen.
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4,4’-Methylenebis(2-chloroaniline)
CAS No. 101-14-4

Reasonably anticipated to be a human carcinogen
First listed in the Third Annual Report on Carcinogens (1983)
Also known as methylene-bis-ortho-chloroaniline, MBOCA, or
MOCA
Hp
CWC'

HoN N NH,

Cl
Carcinogenicity
4,4'-Methylenebis(2-chloroaniline) is reasonably anticipated to be

a human carcinogen based on sufficient evidence of carcinogenicity
from studies in experimental animals.

Cancer Studies in Experimental Animals

4,4'-Methylenebis(2-chloroaniline) caused tumors in two rodent spe-
cies, at several different tissue sites, and by two different routes of
exposure. Dietary administration of 4,4"-methylenebis(2-chloroan-
iline) caused benign or malignant liver tumors (hepatocellular ade-
noma or carcinoma) in rats of both sexes and in female mice (IARC
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1974). Dietary exposure also caused malignant blood-vessel tumors
(hemangiosarcoma) in mice of both sexes, benign and malignant lung
tumors (adenoma and adenocarcinoma) in rats of both sexes, and
mammary-gland cancer (adenocarcinoma) in female rats. Cancer of
the liver (hepatocellular carcinoma) and lung (carcinoma) also were
observed in rats (sex not specified) administered 4,4'-methylenebis-
(2-chloroaniline) by subcutaneous injection.

Since 4,4'-methylenebis(2-chloroaniline) was listed in the
Third Annual Report on Carcinogens, additional studies in exper-
imental animals have been identified. Dietary administration of
4,4'-methylenebis(2-chloroaniline) to male rats caused cancer of
the Zymbal gland (carcinoma) and mammary gland (adenocarci-
noma), in addition to liver and lung tumors as reported in earlier
studies (Kommineni et al. 1979). In female dogs, administration of
4,4"-methylenebis(2-chloroaniline) in capsule form caused cancer of
the urinary bladder (transitional-cell carcinoma) and urethra (mixed
transitional-cell carcinoma and adenocarcinoma) (Stula et al. 1978).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to 4,4'-methylenebis(2-chloroaniline). Since 4,4'-methyl-
enebis(Z-chloroaniline) was listed in the Third Annual Report on
Carcinogens, additional studies in humans have been identified. In
studies of workers exposed to 4,4'-methylenebis(2-chloroaniline)
in the United States and Taiwan, cases of urinary-bladder cancer
were detected in a screening program; however, expected rates of as-
ymptomatic urinary-bladder cancer were not available for compar-
ison (IARC 1993, Chen et al. 2005). In a small U.K. cohort of male
4,4’ -methylenebis(2-chloroaniline) production workers, one urinary-
bladder cancer death was reported, yielding a statistically nonsignifi-
cant fivefold increase in mortality and threefold increase in incidence,
compared with national rates (Dost et al. 2009).

Properties

4,4'-Methylenebis(2-chloroaniline) is a chlorinated aromatic amine
that exists at room temperature as a tan to colorless crystalline solid
with a faint amine odor (IARC 1993, Akron 2009, HSDB 2010). It
is practically insoluble in water; soluble in oxygenated solvents,
trichloroethylene, toluene, ethoxyethyl acetate, methyl ethyl ketone,
tetrahydrofuran, acetone, esters, aromatic hydrocarbons, dimethyl
sulfoxide, dimethyl formamide, dilute acids, and carbon tetrachlo-
ride; and very soluble in benzene, diethyl ether, and ethanol. When
heated to over 200°C, 4,4'-methylenebis(2-chloroaniline) undergoes
an exothermic and self-sustaining decomposition reaction, which in
a closed container can cause an explosion (Akron 2009). Physical and
chemical properties of 4,4’ -methylenebis(2-chloroaniline) are listed
in the following table.

Property Information
Molecular weight 267.0°

Specific gravity 1.44°

Melting point 110°C?

Boiling point 378.9°C*

Log K., 397°

Water solubility 13.9 mg/L at 24°C°

2.86 X 107 mm Hg at 25°C°
Sources: *HSDB 2010, ®°ChemiD Plus 2009,

Vapor pressure

Use

4,4'-Methylenebis(2-chloroaniline) has been used primarily as a cur-
ing agent for isocyanate polymers and polyurethane prepolymers in
the manufacture of castable urethane rubber products such as indus-
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trial tires and rollers, shock-absorption pads, and conveyor belting
(TARC 1993, HSDB 2010). It is also used as a curing agent for epoxy.
The cured polymers have many uses, including the manufacture of gun
mounts, jet engine turbine blades, radar systems, and components in
home appliances. In the laboratory, 4,4’ -methylenebis(2-chloroani-
line) has been used as a positive control for studying mutagens and
carcinogens (HSDB 2010).

Production

Production of 4,4'-methylenebis(2-chloroaniline) was first reported
in the United States in 1956 (IARC 1974). In 2010, 4,4'-methvlenebis-
(2-chloroaniline) was produced by three manufacturers in east Asia,
one manufacturer each in China and Europe, and none in the United
States (SRI 2010) and was available from 24 suppliers, including 12
U.S. suppliers (ChemSources 2010). U.S. imports of 4,4'-methylene-
bis(2-chloroaniline) totaled over 1.9 million pounds in 1989 (HSDB
2010) and almost 2.0 million pounds in 1991 (ATSDR 1994). Reports
filed under the U.S. Environmental Protection Agency’s Toxic Sub-
stances Control Act Inventory Update Rule indicated that U.S. pro-
duction plus imports of 4,4’ -methylenebis(2-chloroaniline) totaled
between 1 million to 10 million pounds from 1986 to 1998, falling
to between 500,000 1b and 1 million pounds in 2002 and 2006 (EPA
2004, 2009).

Exposure

The primary route of potential human exposure to 4,4'-methylenebis-
(2-chloroaniline) is dermal contact; other potential routes are inha-
lation and ingestion (IARC 1993). According to EPA’s Toxics Release
Inventory, environmental releases of 4,4’-methylenebis(2-chloroan-
iline) since 1988 have ranged from lows of 19 Ib in 1992 and 26 1b in
1998 to highs of 14,933 1b in 1993 and 26,185 Ib in 2000. Releases fell
t0 14,719 1b in 2001 and 1,708 Ib in 2002, remaining around 2,000 1b
from 2002 to 2004. Most releases before 1999 were to air; since then,
most releases have been to land. In 2005, 5,000 Ib of 4,4"-methylene-
bis(2-chloroaniline) was released to air and to off-site landfills. The
release total and pattern remained similar through 2007, when five
facilities released a total of 6,233 1b (TRI 2010). 4,4'-Methvlenebis-
(2-chloroaniline) has been identified in at least four hazardous-waste
sites on the National Priorities List (ATSDR 1994).

When released to air, 4,4-methylenebis(2-chloroaniline) will ex-
ist mainly as a particulate that is removed by dry and wet depo-
sition; the portion that remains in the vapor phase will react with
hydroxyl radicals, with a half-life of 5 hours. If released to surface
water, 4,4'-methylenebis(2-chloroaniline) is likely to be strongly ad-
sorbed to organic matter or may be photodegraded in surface water,
but is not easily hydrolyzed. If released to soil, it will bind to soil par-
ticles and will have slight mobility in the subsurface environment;
however, it may be subject to aerobic biodegradation. It may bioac-
cumulate in food plants but is not readily translocated through the
plant (ATSDR 1994, HSDB 2010).

In 1979, 4,4'-methylenebis(2-chloroaniline) was detected in
soil samples obtained within a 1-km (0.6-mi) radius of a chemical
plant in Michigan; concentrations in soil samples from along pub-
lic roads in the area were as high as 590 ppm. Concentrations of
4,4"-methylenebis(2-chloroaniline) were as high as 18 ppm in sludge
from the wastewater-treatment plant in the area and over 1,600 ppm
in sediment from an on-site industrial lagoon (ATSDR 1994).

The risk of exposure to 4,4'-methylenebis(2-chloroaniline) is
greatest for workers involved in the manufacture of polyurethane
and plastic products where 4,4'-methylenebis(2-chloroaniline) is
used as a curing agent (ATSDR 1994). When used for this purpose,
4,4'-methylenebis(2-chloroaniline) is melted before being mixed
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into an elastomer formulation; it potentially could volatilize and be
emitted into waste gases and wastewater (IARC 1993, ATSDR 1994,
TRI 2010). Urine from workers at polyurethane plastics manufac-
turing facilities in the United Kingdom, France, and Australia con-
tained 4,4'-methylenebis(2-chloroaniline) at concentrations as high
as 1.3 mg/L of urine (IARC 1993, ATSDR 1994, Vaughan and Ken-
yon 1996, Robert et al. 1999a,b). In 2006, the U.S. Occupational
Safety and Health Administration conducted an occupational ex-
posure investigation of a small U.S. company that manufactured pli-
able polyurethane parts. Surface wipe samples collected from the
top of the metal scale table were reported to have concentrations of
4,4’ -methylenebis(2-chloroaniline) as high as 209 pg/m? and total
4,4"-methylenebis(2-chloroaniline) was measured in the urine of one
worker at a concentration of 15 pg/L (Fairfax and Porter 2006). In a
manufacturing facility in Taiwan, 4,4'-methylenebis(2-chloroaniline)
was found in the air at concentrations of up to 0.41 mg/m® (410 pg/m>)
(Chen et al. 2005), and concentrations in the urine of 10 workers
ranged from 267.9 to 15,701.1 pg/g of creatinine (mean = 5,544 g/g)
(Liu et al. 2005),

Regulations

Department of Transportation (DOT)

4 4'-Methylenebis(2-chloroaniline) is considered a hazardous material, and special requirements have
been set for transporting this material in tank cars.

Environmental Protection Agency (EFA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) =10 Ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the listing is based wholly or partly on the presence of
4 4'-methylenebis(2-chlorcaniline) = U158.

Listed as a hazardous constituent of waste.

Food and Drug Administration (FDA)

4 4'-Methylenebis(2-chloroaniline) is prohibited from indirect addition to human food through food-
contact surfaces; food containing any added or detectable level of this substance is prohibited.

4 ,4'-Methylenebis(2-chloroaniline) may be used as antioxidants and/or stabilizers for polymers in
indirect food additives as prescribed in 21 CFR 178.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value ~ time-weighted average (TLV-TWA) = 0.01 ppm.
National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) = 0.003 mg/m3.
Listed as a potential occupational carcinogen.
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4,4’-Methylenebis(N,N-dimethyl)-
benzenamine

CAS No. 101-61-1

Reasonably anticipated to be a human carcinogen

First listed in the Third Annual Report on Carcinogens (1983)
Also known as Michler’s base or or p,p’-tetramethyldiamino-
diphenylmethane

Ho
C

H
HsC—p ~CHs

| |
CHs CHjy

Carcinogenicity
4,4'-Methylenebis(N,N-dimethyl)benzenamine is reasonably antici-

pated to be a human carcinogen based on sufficient evidence of car-
cinogenicity from studies in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to 4,4'-methylenebis(N,N-dimethyl)benzenamine
caused tumors in two rodent species and at two different tissue
sites. Dietary administration of 4,4'-methylenebis(N,N-dimethyl)
benzenamine caused cancer of the thyroid gland (follicular-cell car-
cinoma) in rats of both sexes and increased the combined incidence
of benign and malignant liver tumors (hepatocellular adenoma and
carcinoma) in female mice (NCI 1979).
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Cancer Studies in Humans

No epidemiological studies were identified that evaluated the re-
lationship between human cancer and exposure specifically to
4,4'-methylenebis(N, N-dimethyl)benzenamine.

Properties

4,4’ -Methylenebis(N,N-dimethyl)benzenamine is a bicyclic aromatic
amine that exists at room temperature as yellowish glistening leaf-
lets or plates or as tan crystals with a faint odor (NCI 1979, Ak-
ron 2009, HSDB 2009). Commonly referred to as Michler’s base, it
is the reduced form of Michler’s ketone, which is listed in the Re-
port on Carcinogens as reasonably anticipated to be a human
carcinogen. 4,4'-Methylenebis(N,N-dimethyl)benzenamine is prac-
tically insoluble in water, slightly soluble in cold alcohol, and solu-
ble in hot alcohol, benzene, diethyl ether, carbon disulfide, and acids
(ChemIDplus 2009, HSDB 2009). It is stable under normal temper-
atures and pressures (Akron 2009). Physical and chemical proper-
ties of 4,4'-methylenebis(N,N-dimethyl)benzenamine are listed in
the following table.

Property Information

Molecular weight 254.4°

Density 1.14 g/em® at 20°C°
Melting point 90°C to 91°C?

Boiling point 390°C*

Log K, 4.37°

Water solubility 4.14 mg/L at 25°C°

Vapor pressure 1.75 % 107 mm Hg at 25°C¢
Vapor density relative to air 877"

Sources: *HSDB 2009, ®Akron 2009, “ChemiDplus 2009.

Use

4,4'-Methylenebis(N,N-dimethyl)benzenamine is used as an interme-
diate in the manufacture of at least six dyes and one pigment (includ-
ing methylene red and C.I basic yellow 2, basic orange 14, solvent
orange 15, and solvent yellow 34). Its hydrochloride salt is used as an
analytical reagent for the determination of lead (IARC 1982).

Production

Commercial production of 4,4'-methylenebis(N,N-dimethyl)benze-
namine in the United States began in the early 1920s (IARC 1982). U.S.
production was approximately 1.8 million pounds in 1974, decreas-
ing to 1.0 million pounds in 1977. In 2009, 4,4"-methylenebis(N,N-
dimethyl)benzenamine was produced by one manufacturer each
in China, Europe, and India (SRI 2009) and was available from 16
suppliers, including 10 U.S. suppliers (ChemSources 2009). Re-
ports filed under the U.S. Environmental Protection Agency’s Toxic
Substances Control Act Inventory Update Rule indicated that U.S.
production plus imports of 4,4'-methylenebis(N, N-dimethyl)benze-
namine totaled 500,000 Ib to 1 million pounds in 1986 and 10,000
to 500,000 1b in 1990 (EPA 2004); no inventory update reports for
4,4'-methylenebis(N,N-dimethyl)benzenamine were filed in 1994,
1998, or 2002.

Exposure

The routes of potential human exposure to 4,4’-methylenebis(N,N-
dimethyl)benzenamine are inhalation, ingestion, and dermal contact
(NJDHSS 2009). EPA’s Toxics Release Inventory reported environ-
mental releases of 8,400 1b in 1988, 10 Ib in 1995, and 1 1b in 1996; no
more recent releases have been reported (TRI 2009). Although the
compound is relatively nonvolatile, workers may be exposed via in-
halation of dust. The potential for exposure is greatest among work-
ers in the dye and chemical manufacturing industries (NCI 1979).
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The National Occupational Exposure Survey (conducted from 1981
to 1983) estimated that 4,140 workers potentially were exposed to
4,4'-methylenebis(N, N-dimethyl)benzenamine (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)
Emergency Planning and Community Right-To-Know Act
Toxics Release Inventory: Listed substance subject to reporting requirements.
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4,4’-Methylenedianiline and Its
Dihydrochloride

CAS Nos. 101-77-9 and 13552-44-8

Reasonably anticipated to be human carcinogens

First listed in the Fourth Annual Report on Carcinogens (1985)

Ha
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Carcinogenicity
4,4'-Methylenedianiline and its dihydrochloride salt are reasonably

anticipated to be human carcinogens based on sufficient evidence of
carcinogenicity from studies in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to 4,4'-methylenedianiline dihydrochloride caused
tumors at several different tissue sites in mice and rats. Adminis-
tration of 4,4'-methylenedianiline dihydrochloride in the drinking
water caused benign and/or malignant tumors of the thyroid gland
(C-cell adenoma or follicular-cell adenoma or carcinoma) in mice and
rats of both sexes and benign or malignant liver tumors (hepatocel-
lular adenoma or carcinoma) in mice of both sexes and in male rats.
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It also caused malignant lymphoma in female mice and benign ad-
renal-gland tumors (pheochromocytoma) in male mice (NTP 1983).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the relation-
ship between human cancer and exposure specifically to 4,4’ -methyl-
enedianiline or its dihydrochloride.

Properties

4,4'-Methvlenedianiline is an aromatic amine that exists at room tem-
perature as colorless to pale yellow to tan flakes or lumps with a faint

amine-like odor (IARC 1986, Akron 2009, HSDB 2009). 4,4'-Methyl-
enedianiline is only slightly soluble in water, but soluble in ethanol,
benzene, diethyl ether, and acetone. The dihydrochloride salt is sol-
uble in water. 4,4'-Methylenedianiline is stable at normal tempera-
tures and pressures (Akron 2009). Physical and chemical properties

of 4,4-methylenedianiline are listed in the following table.

Property Information

Molecular weight 198.3%

Specific gravity 1.056 at 100°C/4°C°

Melting point 91.5°C to 92°C°

Boiling point 398°C to 399°C at 768 mm Hg?
Log K., 1.59°

Water solubility 1g/L at 25°C°
Vapor pressure 1 mm Hg at 197°C?
Vapor density relative to air 6.8°

Sources: *HSDB 2009, ®°ChemiDplus 2009.

Use

More than 90% of the 4,4'-methylenedianiline produced in the United

States is used as a chemical intermediate in the closed-system pro-
duction of 4,4’ -methylenedianiline diisocyanate and polyisocyanates

(NTP 1983, IARC 1986). These products are used to produce a variety
of polvmers and resins, such as polyurethane foam, elastomers (e.g.,
Spandex fibers), and isocyanate resins. 4,4'-Methylenedianiline is also

used as a cross-linking agent for epoxy resins, and the U.S. Food and

Drug Administration has approved the use of these epoxy resins to

coat containers for beverages having an alcohol content of up to 8%.
4,4'-Methylenedianiline is also used as an analytical reagent for anal-
ysis, including the determination of tungsten and sulfates, as a cor-
rosion inhibitor, as an antioxidant and curative agent in rubber, and

to prepare azo dyes (IARC 1986, ATSDR 1998). No data were avail-
able on the use of the dihydrochloride salt.

Production

4,4'-Methylenedianiline has been produced commercially in the
United States since the early 1920s (IARC 1986). It is available in bulk
quantities containing approximately 96% 4,4'-methylenedianiline, 3%
other isomeric amines, and traces of aniline (ATSDR 1998). In the
early 1980s, six or seven manufacturers produced between 200 mil-
lion and 400 million pounds of 4,4'-methylenedianiline per year. In
1987, about 600 million pounds was produced and used captivelyasa
chemical intermediate, 4.5 million pounds was produced domestically
for sale, and 1.8 million pounds was imported (OSHA 1987). In 2009,
4,4'-methylenedianiline was produced by ten manufacturers world-
wide, including one in the United States (SRI12009), and was available
from 28 suppliers, including 14 U.S. suppliers (ChemSources 2009).
No producers or suppliers of the hydrochloride salt were identified.
From 1989 to 1993, U.S. imports of 4,4'-methylenedianiline were 3.3,
2.9,2.4,2.0,and 1.1 million pounds, and U.S. exports were 28.9, 29.8,
12.8,15.7, and 9.9 million pounds (ATSDR 1998). Reports filed under
the U.S. Environmental Protection Agency’s Toxic Substances Con-
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trol Act Inventory Update Rule indicated that U.S. production plus

imports of 4,4" methylenedianiline totaled 100 million to 500 million

pounds in 1986, falling to between 1 million and 10 million pounds

in 1990, remaining in that range in through 2002 (EPA 2004), and re-
turning to between 100 million and 500 million pounds in 2006 (EPA
2009). No data on U.S. production, imports, or exports of the dihy-
drochloride salt were found.

Exposure

Although most exposure to 4,4’ methylenedianiline is occupational,
the general population may be exposed through dermal contact with
trace amounts present in consumer products made from polyure-
thane foam, Spandex, and epoxy-containing products. Although
4,4'-methylenedianiline may be used in their production, very little
of the chemical is present in its free state in the final products. Lev-
els of 4,4'-methylenedianiline in food and food packaging are so low
that exposure is unlikely. Polyurethane is used in medical devices, and
exposure may occur from small releases of 4,4'-methylenedianiline
during sterilization with gamma radiation; patients most likely to be
exposed from this source are those receiving frequent blood trans-
fusions or undergoing kidney dialysis (ATSDR 1998).

4,4'-Methylenedianiline may be released to the environment dur-
ing industrial production and use (IARC 1986, ATSDR 1998). Very
few data were available regarding concentrations of 4,4'-methylene-
dianiline in ambient air, surface water, industrial effluents, or soil. Ac-
cording to EPA’s Toxics Release Inventory, environmental releases of
4,4'-methylenedianiline declined from 736,000 1b in 1988 to 29,000
Ib in 1992 and remained between 29,000 and 78,000 Ib through
2003. Releases increased in 2004, reaching 207,176 1b in 2005, and
then decreased, reaching 67,423 1b in 2007. In 2007, 58,000 1b of
4,4'-methylenedianiline was released from one facility to an under-
ground injection well, and most of the remainder was released to
air. Reporting is not required for the hydrochloride salt (TRI 2009).
If 4,4"-methylenedianiline is released to air, the vapor phase will be
degraded by photochemically produced hydroxyl radicals, with a
half-life of 1.6 hours (HSDB 2009). If released to soil, 4,4'-methvylene-
dianiline will covalently bind to humic material, but will leach from
soil without humic material. If released to water, 4,4'-methylene-
dianiline may covalently bind to suspended solids and sediments con-
taining humic material. On the water surface, it will be susceptible to
degradation by photochemically produced hydroxyl and peroxy rad-
icals, with a half-life of 19 to 30 hours.

The primary routes of potential occupational exposure to
4,4'-methylenedianiline are inhalation and dermal contact. Work-
ers may be exposed while producing, formulating, and packaging
the chemical, during its use, and from hydrolysis of 4,4’-methylene-
diphenyl diisocyanate. No 4,4'-methylenedianiline is released during
autoclave sterilization of medical equipment (IARC 1986, ATSDR
1998). The National Occupational Exposure Survey (conducted from
1981 to 1983) estimated that over 15,000 workers, including about
3,400 women, potentially were exposed to 4,4'-methylenedianiline
(NIOSH 1990). In 1992, the Occupational Safety and Health Admin-
istration estimated that 3,836 workers in 11 principal industry sectors
were exposed to 4,4"-methylenedianiline (OSHA 1992), at air concen-
trations ranging from 1 to 250 ppb and for average annual exposure
durations of 47 to 250 days. 4,4'-Methylenedianiline was measured
at concentrations of up to 31 mg/m? in air inside facilities where it
was produced and up to 1.6 mg/m?® inside fabrication facilities while
it was being used. It was detected in the urine of 4 of 27 production
workers (14.9%) at concentrations of at least 200 ug/L in 1970, but
in the urine of only 0.09% of workers (numbers not reported) at con-
centrations of 20 pg/L or less in 1980 (IARC 1986, ATSDR 1998).Ina
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2005 risk assessment, the concentration of 4,4'-methylenedianiline in
freshly produced polyurethane foam was 2 to 3.5 mg/kg at the time
of demolding, declining to 1 mg/kg one hour after demolding and
continuing to decline slowly over time (Lewandowski et al. 2005);
based on these concentrations, cancer risks from dermal exposure
were found to be below the level of concern. It was assumed that ad-
equate ventilation would minimize inhalation exposure.

Regulations

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: 4 4-Methylenedianiline is listed as a
hazardous air pollutant.

New Soutce Performance Standards: Manufacture of 4,4"-methylenedianiline is subject to certain
provisions for the control of volatile organic compound emissions.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 10 b for 4,4"-methylenedianiline.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: 4,4’-Methylenedianiline is a listed substance subject to reporting
requirements.

Occupational Safety and Healith Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Permissible exposure limit (PEL) = 0.010 ppm for 4,4"-methylenedianiline.

Short-term exposure limit (STEL) = 0.10 ppm for 4 4"-methylenedianiline.

Comprehensive standards have been developed for occupational exposure to 4,4'-methylenedianiline
and its salts.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLV-TWA) = 0.1 ppm for 4,4’-methylenedianiline.
National Institute for Occupational Safety and Health (NIOSH)

4 4'-Methylenedianiline is listed as a potential occupational carcinogen.
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Methyleugenol
CAS No. 93-15-2

Reasonably anticipated to be a human carcinogen

First listed in the Tenth Report on Carcinogens (2002)
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Carcinogenicity

Methyleugenol is reasonably anticipated to be a human carcinogen
based on sufficient evidence of carcinogenicity from studies in ex-
perimental animals.

Cancer Studies in Experimental Animals

Oral exposure to methyleugenol caused tumors in two rodent spe-
cies and at several different tissue sites. Methyleugenol administered
by stomach tube caused benign or malignant liver tumors (hepato-
cellular adenoma or carcinoma) in rats and mice of both sexes. In
rats, methyleugenol also caused benign or malignant stomach tumors
(neuroendocrine tumors) in both sexes and tumors of the kidney
(renal-tubule adenoma), mammary gland (fibroadenoma), and skin
(fibroma or fibrosarcoma) in males. Malignant neuroendocrine tu-
mors of the stomach in male mice also were considered to be related
to methyleugenol exposure (NTP 2000). Earlier studies found that
methyleugenol and two structurally related allylbenzenes, safrole and
estragole, caused liver tumors in mice when administered by intra-
peritoneal injection (IARC 1976, Miller et al. 1983). Safrole is listed
in the Report on Carcinogens as reasonably anticipated to be a hu-
man carcinogen and by the International Agency for Research on
Cancer as possibly carcinogenic to humans.

Studies on Mechanisms of Carcinogenesis

Mechanistic studies indicate that liver tumors induced by meth-
yleugenol and structurally related allylbenzenes result from me-
tabolism of these compounds to DNA-reactive intermediates.
Methyleugenol may be bioactivated by three different pathways:
(1) hydroxylation at the 1’ position of the allylic side chain to vield
1'-hydroxymethyleugenol, followed by sulfation of this intermedi-
ate to form 1'-hydroxymethyleugenol sulfate, (2) oxidation of the
2',3"-double bond of the allylic side chain to form methyleugenol-
2,3-oxide, and (3) O-demethylation followed by spontaneous rear-
rangement to form eugenol quinone methide. Formation of protein
adducts and DNA adducts in the livers of animals (and in cultured
human hepatocytes) exposed to allylbenzenes and induction of liver
tumors by these compounds in animals have been attributed to ac-
tivation via the hydroxylation pathway, because similar effects were
produced by the 1'-hydroxy metabolites and because these effects
were inhibited by pretreatment with sulfotransferase inhibitors (Bo-
berg et al. 1983, Miller et al. 1983, Randerath et al. 1984, Gardner et
al. 1996, NTP 2000).

Methyleugenol, safrole, and estragole caused unscheduled DNA
synthesis in rat hepatocytes, and their corresponding 1'-hydroxy me-
tabolites were more potent genotoxic agents than were the parent
compounds (Howes et al. 1990, Chan and Caldwell 1992). Methyl-
eugenol caused morphological transformation of Syrian hamster
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embryo cells (Kerckaert et al. 1996), sister chromatid exchange in
Chinese hamster ovary (CHO) cells (NTP 2000), intrachromosomal
recombination in yeast (Schiestl et al. 1989), and DNA repair in Ba-
cillus subtilis (Sekizawa and Shibamoto 1982). It did not cause mu-
tations in Salmonella typhimurivum (NTP 2000) or Escherichia coli
(Sekizawa and Shibamoto 1982), chromosomal aberrations in CHO
cells (NTP 2000), or micronucleus formation in the peripheral-blood
erythrocytes of mice (NTP 2000). A higher frequency of B-catenin
mutations was observed in liver tumors from mice exposed to meth-
yleugenol than in spontaneous liver tumors from unexposed mice
(Devereux et al. 1999). Methyleugenol’s lack of mutagenicity in bac-
teria may be due to the need for sulfation in the metabolic activation
of methyleugenol to its ultimate mutagenic or carcinogenic form.

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to methyl-
eugenol.

Properties

Methyleugenol is an allyl-chain-substituted guaiacol that structur-
ally resembles safrole (NTP 2000). It is a colorless to pale yellow, oily
liquid with an odor of cloves and carnations. It is insoluble in water,
glycol, and propylene glycol and soluble in ethanol, ethyl ether, chlo-
roform, and many other organic solvents. Methyleugenol is unstable
at room temperature; it darkens and thickens when exposed to air
and readily evaporates at room temperature (NTP 2000). Physical and
chemical properties of methyleugenol are listed in the following table.

Property Information
Molecular weight 178.2°

Specific gravity 1.0396 at 20°C/4°C?
Melting point -4°C*

Boiling point 254.7°C at 760 mm Hg®
Log K, 3.03°

Water solubility 0.500 g/L at 25°C°

Vapor pressure 1 mm Hg at 85.0°C*
Sources: *HSDB 2009, ®ChemiDplus 2009.

Use

Methyleugenol is used in fragrances and as a flavoring agent in jellies,
baked goods, nonalcoholic beverages, chewing gum, candy, pudding,
relish, and ice cream. It is also used as an insect attractant in com-
bination with insecticides and has been used as an anesthetic in ro-
dents (NTP 2000, HSDB 2009).

Production

Annual production of methyleugenol in the United States in 1990
was estimated at 25,000 Ib (N'TP 2000). No current production data
were found.

Exposure

The general population may be exposed to methyleugenol through in-
gestion of foods or inhalation of fragrances containing the compound
(HSDB 2009). Methyleugenol is a naturally occurring substance, pres-
ent in many essential oils, including the oils of rose, pimento, basil,
hyacinth, citronella, anise, nutmeg, mace, cinnamon leaves, pixuri
seeds, and laurel fruits and leaves. It has also been found in blackberry
essence, bananas, black pepper, and bilberries (NTP 2000). Methyl-
eugenol is used in commercial products as a flavorant at concentra-
tions of 5 to 52 ppm and in fragrances at concentrations of 0.002%
to 0.3% (HSDB 2009). In a subset of serum samples from adults par-
ticipating in the third National Health and Nutrition Examination
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Survey, methyleugenol was detected in 98% of the 206 samples an-
alyzed. The average methyleugenol concentration was 24 pg/g, and
the highest concentration was 390 pg/g (Barr et al. 2000). Daily per-
capita consumption of methyleugenol in food was estimated by the
World Health Organization to be 0.073 mg (WHOQO 1981) and, more
recently, 0.26 mg/kg of body weight (Strofberg and Grundschober
1987, NAS 1989).

Although methyleugenol has been identified in various natural
substances, no quantitative studies were found that assessed envi-
ronmental (nondietary) exposure to methyleugenol. In air, methyl-
eugenol exists as a vapor; it reacts with photochemically produced
hydroxyl radicals and degrades with an estimated half-life of 5 hours
(HSDB 2009). Methyleugenol has been detected in wastewater efflu-
ent from a paper mill (NTP 2000).

Occupational exposure to methyleugenol may occur through der-
mal contact, inhalation, and ingestion. The National Occupational Ex-
posure Survey (conducted from 1981 to 1983) estimated that 12,682
workers, including 9,413 women, potentially were exposed to methyl-
eugenol (NIOSH 1990).

Regulations

No specific regulations or guidelines relevant to reduction of expo-
sure to methyleugenol were identified.
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Methyl Methanesulfonate
CAS No. 66-27-3

Reasonably anticipated to be a human carcinogen

First listed in the Sixth Annual Report on Carcinogens (1991)
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Carcinogenicity
Methyl methanesulfonate is reasonably anticipated to be a human
carcinogen based on sufficient evidence of carcinogenicity from stud-
ies in experimental animals.

Cancer Studies in Experimental Animals

Methyl methanesulfonate caused tumors in mice and rats at several
different tissue sites and by several different routes of exposure. Ad-
ministration of methyl methanesulfonate in the drinking water caused
benign lung tumors (adenoma) and lymphoma of the thymus in male
mice. In male rats, subcutaneous injection of methyl methanesulfo-
nate caused cancer at the injection site (squamous-cell carcinoma and
polymorphic-cell sarcoma), and 1 of 12 rats developed kidney can-
cer (nephroblastoma). A single intraperitoneal injection of methyl
methanesulfonate caused tumors of the nervous system (oligoden-
droglioma, malignant neurofibroma, astrocytoma, malignant neuri-
noma, mixed glioma, or meningioma of the spinal cord) in adult rats
of both sexes and in the offspring of pregnant rats exposed on gesta-
tion day 15 or 21 (Clapp et al. 1968, IARC 1974).

Since methyl methanesulfonate was listed in the Sixth Annual
Report on Carcinogens, additional studies in rodents have been
identified. In female mice, subcutaneous injection of methyl meth-
anesulfonate caused cancer at the injection site (sarcoma) (Segal et
al. 1987). In male rats exposed to methyl methanesulfonate by in-
halation for six weeks and then observed for life, the incidence of
nasal tumors (mainly squamous-cell carcinoma) was significantly in-
creased (JARC 1999).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to methyl
methanesulfonate.

Properties

Methyl methanesulfonate is an ester of sulfuric acid that exists as a
colorless to amber liquid at room temperature. It is soluble in wa-
ter, dimethyl formamide, and propylene glycol, but only slightly sol-
uble in nonpolar solvents. Methyl methanesulfonate is stable under
normal temperatures and pressures, but it forms irritating corrosive
compounds or toxic gases in the presence of fire IARC 1974, Akron
2009). Physical and chemical properties of methyl methanesulfonate
are listed in the following table.
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Property Information
Molecular weight 110.1°

Specific gravity 1.2943 at 20°C/4°C°
Melting point 20°C*

Boiling point 203°Cat 753 mm Hg?®
Log Ky, -0.66°

Water solubility 1,000 g/L at 25°C*

Vapor pressure 0.31 mm Hg at 25°C°
Sources: *HSDB 2009, ®°ChemIDplus 2009.

Use

Methyl methanesulfonate is used experimentally as a research chem-
ical and as a solvent catalyst in polymerization, alkylation, and ester-
ification reactions JARC 1974, Wyatt and Pittman 2006, NIH 2007).
It has been tested as a cancer chemotherapeutic agent, and the mono-
esters of methanesulfonic acid were considered for possible use as a
reversible insect and mammalian pest chemosterilant and as a hu-
man male contraceptive (IARC 1974).

Production

Production of methyl methanesulfonate is limited, because it is used
only in research (IARC 1974, 1999). Methyl methanesulfonate is not
produced commercially in the United States (IARC 1999, HSDB 2009).
In 2009, methyl methanesulfonate was available from 21 suppliers
worldwide, including 13 U.S. suppliers (ChemSources 2009). No data
on U.S. imports or exports of methyl methanesulfonate were found.

Exposure

Exposure to methyl methanesulfonate appears to be limited to labora-
tory research personnel (IARC 1974, 1999). If released to air, methyl

methanesulfonate will exist in the vapor phase and will react slowly
with hydroxyl radicals, with a half-life of 69 days. If released to a moist

environment, it will hydrolyze with a half-life of 4.56 hours at 25°C.
It is not expected to bioconcentrate in aquatic organisms or volatil-
ize from water (HSDB 2009).

Regulations

Environmental Protection Agency (EPA)
Resource Conservation and Recovery Act
Listed as a hazardous constituent of waste.
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Metronidazole
CAS No. 443-48-1

Reasonably anticipated to be a human carcinogen

First listed in the Fourth Annual Report on Carcinogens (1985)
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Carcinogenicity

Metronidazole is reasonably anticipated to be a human carcinogen
based on sufficient evidence of carcinogenicity from studies in ex-
perimental animals.

Cancer Studies in Experimental Animals

Oral exposure to metronidazole caused tumors at several different
tissue sites in mice and rats. Dietary administration of metronida-
zole caused benign and malignant lung tumors (adenoma, adenocar-
cinoma, and carcinoma) in mice of both sexes, lymphoma in female
mice (Rustia and Shubik 1972, IARC 1977), liver cancer (hepatocel-
lular carcinoma) and mammary-gland tumors (fibroadenoma) in fe-
male rats, and tumors of the pituitary gland (adenoma) and testes
(Leydig-cell tumors) in male rats (TARC 1982).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to metronidazole. An excess of cancer of the uterine cer-
vix was found in two epidemiological studies of women treated with
metronidazole for vaginal trichomoniasis (Beard et al. 1979, Fried-
man and Ury 1980, IARC 1982); however, trichomoniasis is a risk
factor for cervical cancer, and one of the studies (Beard et al. 1979)
showed a greater excess of cancer among women with trichomoni-
asis who were not exposed to metronidazole. The study by Beard et
al., but not that by Friedman et al., reported an excess of lung can-
cer, which may have been due to smoking.

Since metronidazole was listed in the Fourth Annual Report on
Carcinogens, additional epidemiological studies have been identified.
In a follow-up of the cohort study by Beard et al., the incidence of
lung cancer (bronchogenic carcinoma) was significantly increased in
women exposed to metronidazole, and the excess remained after an
attempt to adjust for smoking (Beard et al. 1988). In a study of over
12,000 people who had used metronidazole, no excess of cancer (all
tissue sites combined) was found after two and a half years of follow~-
up (IARC 1987). A large cohort study of cancer in children prenatally
exposed to metronidazole found no overall excess of cancer (all tis-
sue sites combined); a twofold increase in the risk of neuroblastoma
(cancer of the sympathetic nervous system) was not statistically sig-
nificant (Thapa et al. 1998)

Properties

Metronidazole is a nitroamidazole compound that exists at room
temperature as white to pale-vellow crystals with a slight odor (Ak-
ron 2009). It is soluble in water, ethanol, ether, chloroform, and di-
lute acids and sparingly soluble in dimethylformamide (IARC 1977).
It is stable under normal temperatures and pressure, but may discolor
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upon exposure to light (Akron 2009). Physical and chemical proper-
ties of metronidazole are listed in the following table.

Property Information
Molecular weight 171.2°

Melting point 158°C to 160°C?
Log K, -0.02 at 25°C°
Water solubility 10 g/L at 25°C°

Vapor pressure 3.05 x 107 mm Hg at 25°C°
Sources: *HSDB 2009, PIARC 1977, “ChemIDplus 2009.

Use

Metronidazole is used primarily as a drug for the treatment of in-
fections by the parasitic protozoans Entamoeba histolytica, Tricho-
monas vaginalis, and Giardia lamblia (IARC 1977). It has also been
used to treat Vincent’s infection (trench mouth) and acne rosacea. It
has been prescribed for invasive intestinal amoebiasis and amoebic
hepatic abscess, antibiotic-associated colitis, balantidiasis, dental in-
fection, gastritis or ulcer due to Heliobacter pylori, and inflammatory
bowel disease (MedlinePlus 2009). It is also used as a trichomona-
cidal agent in veterinary medicine (IARC 1977, MedlinePlus 2009).
Metronidazole may be administered orally (in capsules or tablets),
vaginally (in creams, gels, or tablets), topically (in gels, creams, or lo-
tions), or by intravenous injection (MedlinePlus 2009).

Production

Commercial production of metronidazole in the United States was
first reported in 1963 (IARC 1977). In 1974, only one U.S. company
reported producing metronidazole. In 1977, annual U.S. sales of met-
ronidazole for medical use were estimated to be less than 28,600 1b.
In 2009, metronidazole was avaialble from 18 U.S. suppliers (Chem
Sources 2009), and 42 drug products registered with the U.S. Food
and Drug Administration contained metronidazole as an active in-
gredient (FDA 2009). No more recent data on U.S. production, im-
ports, or exports were found.

Exposure

The primary routes of human exposure to metronidazole are inges-
tion, injection, or topical (including intravaginal) application for treat-
ment of certain infectious diseases (MedlinePlus 2009). For treatment
of bacterial infections, a recommended regimen is oral administra-
tion of 525 mg every 6 hours for seven days. As a systemic tricho-
monacidal agent, metronidazole typically is administered orally at a
dosage of either 250 mg three times a day for seven daysor1to2 g
twice on one day. When used to treat giardiasis, it is administered at
500 to 750 mg daily for five to ten days. For intravenous administra-
tion to treat bacterial infections, the typical regimen is 15 mg/kg of
body weight initially, followed by 7.5 mg/kg every 6 hours for seven
days. When administered prophylactically for colon surgery, metro-
nidazole is injected 1 hour before surgery and at 6 and 12 hours after
the first dose. When administered as a topical cream, it is usually ap-
plied twice a day for nine weeks. Metronidazole is also applied in-
travaginally either at 37.5 mg twice a day for five days for bacterial
infections or 500 mg daily for 10 to 20 days for bacterial infections or
trichomoniasis. In 2009, 149 clinical trials involving metronidazole
were in progress or recently completed (Clinical Trials 2009). Occu-
pational exposure to metronidazole could occur through inhalation
or dermal contact by workers involved in its manufacture, formula-
tion, packaging, or administration.

Regulations

Consumer Product Safety Commission (CPSC)
Any orally administered prescription drug for human use requires child-resistant packaging.
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Food and Drug Administration (FDA)
Metronidazole is a prescription drug subject to labeling and other requirements.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.
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Michler’s Ketone
CAS No. 90-94-8

Reasonably anticipated to be a human carcinogen
First listed in the Third Annual Report on Carcinogens (1983)
Also known as 4,4'-(dimethylamino)benzophenone
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Carcinogenicity

Michler’s ketone is reasonably anticipated to be a human carcino-

gen based on sufficient evidence of carcinogenicity from studies in
experimental animals.
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Cancer Studies in Experimental Animals

Oral exposure to Michler’s ketone caused tumors in two rodent
species and at two different tissue sites. Dietary administration of
Michler’s ketone caused liver cancer (hepatocellular carcinoma) in
female mice and in rats of both sexes and blood-vessel cancer (hem-
angiosarcoma) in male mice (NCI 1979).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to Michler’s
ketone.

Properties

Michler’s ketone is a derivative of dimethylaniline and exists as white

to green crystalline leaflets or blue powder at room temperature.
Michler’s ketone is practically insoluble in water, very soluble in py-
rimidine, soluble in alcohol and warm benzene, and very slightly sol-
uble in ether. It is stable under normal temperatures and pressures

(NCI 1979, Akron 2009, HSDB 2009). Physical and chemical proper-
ties of Michler’s ketone are listed in the following table.

Property Information
Molecular weight 268.4°

Melting point 172°C?

Boiling point > 360°C decomposes®
Log Ky, 3.87°

Water solubility 04 g/L at 20°C°
Vapor pressure 1.07 x 109 mm Hg at 25°C*

Dissociation constant (pK,) 12.46°
Sources: "HSDB 2009, "ChemiDplus 2009, “Akron 2009.

Use

Michler’s ketone is a chemical intermediate used in the synthesis of
at least 13 dyes and pigments, particularly auramine derivatives (NCI
1979, HSDB 2009). These pigments are used to make ultraviolet-cured
printing ink for carton board and paper and as dyes for pen inks, car-
bon paper, alcoholic solvents, oils, waxes, textiles, and leather; one
pigment is also used as a fungicide (Castle et al. 1997a,b, HSDB 2009).

Production

In 1975, U.S. production of Michler’s ketone was estimated at over
908 kg (2,000 Ib) (HSDB 2009). No current production data were
found. In 2009, Michler’s ketone was produced by one manufacturer
in Europe (SR12009), and was available from 29 suppliers, including
16 U.S. suppliers (ChemSources 2009). U.S. imports of Michler’s ke-
tone totaled 548 kg (1,206 1b) in 1972, 20,000 kg (44,000 Ib) in 1975
(HSDB 2009), and about 10,900 kg (24,000 1b) in 1983 (USITC 1984).
No more recent data on U.S. imports or exports were found.

Exposure

The routes of potential human exposure to Michler’s ketone are in-
halation, ingestion, and dermal contact (Akron 2009). Michler’s ke-
tone may be present in some dyes used for printing and in minute
quantities in final consumer products (Ozaki et al. 2004). Michler’s
ketone was measured in recycled paper and paperboard used in food
packaging in Japan at concentrations of up to 12 pg/g. It was not de-
tected in tested virgin paper or paperboard products. In another study,
Michler’s ketone was not detected in food that had been in contact
with packaging containing Michler’s ketone at a concentration of
3.9 ug/g (the highest concentration found in tested packaging) (Cas-
tle et al. 1997a). The U.S. Environmental Protection Agency’s Tox-
ics Release Inventory reported environmental releases of Michler’s
ketone of 1,100 Ib in 1988 and 1,577 1b in 1995. In 1999, two indus-
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trial facilities released 869 Ib (TRI 2009). No release data have been
reported since 1999.

The potential for occupational exposure is greatest for workers in
facilities that manufacture Michler’s ketone or any of the dyestuffs
for which it is an intermediate (NCI 1979). The National Occupa-
tional Exposure Survey (conducted from 1981 to 1983) estimated
that 2,026 workers, including 405 women, potentially were exposed
to Michler’s ketone (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)
Emergency Planning and Community Right-To-Know Act
Toxics Release Inventory: Listed substance subject to reporting requirements.
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Mineral Oils: Untreated and Mildly Treated

CAS No.: none assigned
Known to be human carcinogens

First listed in the First Annual Report on Carcinogens (1980)

Carcinogenicity
Untreated and mildly treated mineral oils are known to be human car-

cinogens based on sufficient evidence of carcinogenicity from stud-
ies in humans.

Cancer Studies in Humans

The carcinogenicity of exposure to untreated and mildly treated min-
eral oils has been evaluated in numerous studies in a variety of oc-
cupations, including metal working, jute processing, mulespinning,
newspaper press operation, and other newspaper work. Exposure
to mineral oils was consistently and strongly associated with an in-
creased risk of cancer of the scrotum and skin (squamous-cell carci-
noma) for many occupations, including metal worker, mulespinner,
and jute processor. An analysis of a series of 344 cases of scrotal can-
cer occurring from 1936 to 1976 in the West Midlands region of Eng-
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land reported that 62% of the men had been exposed to mineral oils.
Epidemiological studies (case-control, cohort, and proportional mor-
tality studies) in metal workers have reported excesses of gastroin-
testinal, sinonasal, and bladder cancer, in addition to skin and scrotal

cancer. Some but not all studies (case-control, cohort, and propor-
tional mortality studies) of workers in the printing industry have re-
ported significantly increased incidences of death from cancer of the

lung, rectum, buccal cavity, and pharynx. The International Agency
for Research on Cancer concluded that there was sufficient evidence

for the carcinogenicity of untreated and mildly treated mineral oils

in humans (JARC 1984, 1987)

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of some untreated

and mildly treated mineral oils from studies in experimental animals.
Evaluation of the carcinogenicity of mineral oils in experimental

animals has mainly involved experiments in which petroleum-derived

base oils and formulated products were applied repeatedly to the skin

of mice; however, some types of mineral oil preparations were studied

in other species and by other routes of exposure. Vacuum-distillate

fractions, acid-treated oils, mildly solvent-refined oils, mildly treated

hydrotreated oils, aromatic oils (including solvent extracts and high-
boiling-point fractions of catalytically cracked oils), and some cut-
ting oils caused skin tumors in mice. High-boiling-point fractions of
cracked oils also caused skin tumors in rabbits and monkeys (IARC

1984, 1987).

Properties

Mineral oils include lubricant base oils and products derived from
them. The physical properties of lubricant oils vary widely, but gen-
erally are defined by crude oil source, carbon number distribution,
boiling range, and viscosity. Mineral oils, which are refined from pe-
troleum crude oils, are complex mixtures of straight- and branched-
chain paraffinic, naphthenic, and aromatic hydrocarbons with 15 or
more carbons and boiling points in the range of 300°C to 600°C; boil-
ing points of up to 815°C have been reported for heavier oils. The vis-
cosity of lubricant oils is described as “light” or “heavy” depending
upon whether the maximum viscosity at 37.8°C is less than or equal
to 20.5 mm?/sec (centistokes). The density of mineral oils at 15°C
ranges from 0.820 kg/L for light paraffinic base and process oils to
just over 1.0 kg/L for high aromatic base and process oils. The com-
plete description of a mineral oil must include the nature of the final
treatment step, which determines whether the material is mildly or
severely treated during the refining process. Medicinal white min-
eral oils, which are pharmaceutical- and food-grade materials, are
highly refined and free of all aromatic and unsaturated compounds.
As highly refined oils, these products are not covered under this list-
ing (IARC 1984).

Mineral oils are insoluble in water and alcohol, but soluble in
benzene, chloroform, ether, carbon disulfide, and petroleum ether.
Paraffinic crude oils are characterized by high wax content, high nat-
ural viscosity index (the rate of change of viscosity over a given tem-
perature range), and relatively low aromatic hydrocarbon content.
Naphthenic crude oils are generally low in wax content and relatively
high in cycloparaffins and aromatic hydrocarbons. All crude oils con-
tain some polycyclic aromatic hydrocarbons, and the proportions
and types of these compounds in finished base oils are determined
primarily by the refining processes (IARC 1984). Mineral oils gener-
ally do not present a fire hazard and must be preheated before igni-
tion will occur (HSDB 2009).
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Use

Mineral oils are used primarily as lubricant base oils to produce fur-
ther refined oil products, including engine oils, automotive and in-
dustrial gear oils, transmission fluids, hydraulic fluids, circulating
and hydraulic oils, bearing oils, machine oils, machine-tool oils,
compressor and refrigerator oils, steam-engine oils, textile machine
oils, air-tool oils, metalworking oils (cutting oils, roll oils, can-form-
ing oils, and drawing oils), rust-preventative oils, heat-treating oils,
transformer oils, greases, medicinal and technical-grade white oils,
and processing oils {product extenders, processing aids, carriers and
diluents, water repellents, surface-active agents, batching oils, mold-
release oils, and wash oils). These oils are used in manufacturing
(78.5% of the oils produced), mining (5.0%), construction (1.8%), and
miscellaneous industries (14.7%). About 57% of the lubricating oils
produced are used by the automotive industry, and the remaining
43% by other industries. In the automotive industry, lubricating oils
are used as multigrade engine oils (23% of the lubricating oils pro-
duced), monograde engine oils (22%), transmission and hydraulic
fluids (8%), gear oils (2%), and aviation oils (1%). In other industries,
lubricating oils are used as general industrial diesel engine oils (19%),
process oils (13%), metalworking oils (4%), railroad diesel engine oils
(3%), and marine diesel engine oils (2%) (IARC 1984).

Production

In 1981, about 19 billion pounds of mineral oil products were used
in the United States (NPRA 1981), including 16.2 billion pounds of
lubricating oils, 1.5 billion pounds of waxes, 814 million pounds of
aromatic oils, and 462 million pounds of greases. In 2009, mineral
oils were available from 28 U.S. suppliers (ChemSources 2009). In
1984, the United States imported 17,000 kg (37,000 Ib) and exported
75,000 kg (165,000 Ib) of mineral oil (type not specified) (HSDB 2009).

Exposure

The primary routes of potential human exposure to mineral oils are in-
halation, ingestion, and dermal contact. The major hydrocarbon con-
stituents of lubricant base oils and derived products occur naturally
in crude petroleum. The general population potentially is exposed to
unused and used mineral oils that occur naturally or are present as
environmental contaminants. About 2 billion liters (528 million gal-
lons) of used lubricating oils are released into the environment every
vear, including 750 million liters (198 million gallons) used as road
oil or in asphalt (IARC 1984).

Occupational exposure to mineral oils may occur among work-
ers employed in the manufacture of automobiles, airplanes and
parts, steel products, screws, pipes, precision parts, and transform-
ers, as well as workers employed in brass and aluminum produc-
tion, engine repair, copper mining, and newspaper and commercial
printing (IARC 1984). The National Occupational Exposure Survey
(conducted from 1981 to 1983) estimated that 1,009,473 workers,
including 392,294 women, potentially were exposed to mineral oils
(NIOSH 1990). The National Institute for Occupational Safety and
Health reported the presence of mineral oils in the occupational envi-
ronment of several plants in the 1970s. The concentration of cutting-
oil mist was reported to be 0.37 to 0.55 mg/m?® for polishing of aircraft
engine blades, 0.4 to 6.0 mg/m? for machining of rough iron castings
into automotive parts, 1.1 to 20 mg/m® for manufacture of aircraft
components, 0.3 to 1.3 mg/m® for manufacture of automotive parts,
from less than 0.03 to 0.8 mg/m? for fabrication of precision metal
parts, and from less than 0.035 to 3.1 mg/m”® for milling and machin-
ing operations. The concentration of transformer oil in air was re-
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ported to be 0.1 to 1.4 mg/m? for the manufacture and overhauling
of large transformers (IARC 1984).

Regulations

Consumer Product Safety Commission (CPSC)

Products containing 10% or more of petroleum distillates require special labeling because of aspiration
hazard.

Special packaging is required for certain household products containing 10% or more petroleum
distillates and with a viscosity less than 100 Saybolt Universal seconds.

Environmental Protection Agency (EPA)
Clean Water Act

Procedures, methods, equipment, and other requirements have been established to prevent the
discharge of all types of ils {including mineral oil) from all types of non-transportation-related
facilities.

Products of mineral oil origin at levels that will cause interference are banned from discharge to
publicly owned treatment works.

Federal Insecticide, Fungicide, and Rodenticide Act

Tolerance for residues of mineral oil on corn, grain, and sorghum = 200 ppm.

Food and Drug Administration (FDA)

Some over-the-counter drugs and products containing mineral oil must contain a warning label.

Restrictions on the use of mineral oil in food preparation and in packaging materials are prescribed in
21CFR 172,173, and 175-179.

When used as a lubricant with incidental food contact, mineral oil levels shall not exceed 10 ppm.

Drugs for internal use containing mineral oil must have a warning label.

Limitations on the use of mineral oil in drugs for use in animal feed are prescribed in 21 CFR 558.

Limits on the use of mineral oil as an additive in feed and drinking water of animals are prescribed in
21 CFR573.

Occupational Safety and Healith Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.
Permissible exposure limit (PEL) = 5 mg/m’ for mineral-oil mist.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value ~ time-weighted average (TLV-TWA) = 5 mg/m’ for mineral-oil mist.

Threshold limit value — short term exposure fimit (TLV-STEL) = 10 mg/m3 for mineral-oil mist.

National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) = 5 mg/m3 for mineral-oil mist.

Short-term exposure limit (STEL) = 10 mg/mgfor mineral-cfl mist.

Immediately dangerous to life and health (IDLH) limit = 2,500 mg/m3 for mineral-oil mist.

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.
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Mirex
CAS No. 2385-85-5

Reasonably anticipated to be a human carcinogen
First listed in the Second Annual Report on Carcinogens (1981)

Also known as 1,1a,2,2,3,3a,4,5,5,5a,5b,6~-dodecachlorooctahydro-
1,3,4-metheno-1H-cyclobuta[cd]pentalene

Carcinogenicity
Mirex is reasonably anticipated to be a human carcinogen based on

sufficient evidence of carcinogenicity from studies in experimental
animals.

Cancer Studies in Experimental Animals

Mirex caused tumors in mice and rats by two different routes of ex-
posure. It caused benign or malignant liver tumors after (1) adminis-
tration to infant mice of both sexes by stomach tube for three weeks,
followed by dietary exposure, (2) dietary administration to rats of
both sexes, and (3) a single subcutaneous injection in male mice. An

excess of lymphoma (reticulum-cell sarcoma) observed in male mice

exposed by subcutaneous injection also may have been related to mi-
rex expostre (IARC 1974, 1979).

Since mirex was listed in the Second Annual Report on Carcino-
gens, additional studies in rats have been identified. Dietary adminis-
tration of mirex caused benign liver tumors (adenoma) in both sexes,
benign tumors of the adrenal glands (pheochromocytoma) and kid-
ney (transitional-cell papilloma) in males, and mononuclear-cell leu-
kemia in females (NTP 1990).

Cancer Studies in Humans

The data available from epidemiological studies were inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to mirex.

Properties

Mirex is a chlorinated insecticide that is an odorless snow-white crys-
tal at room temperature (HSDB 2009). Mirex is practically insoluble
in water, but is soluble in dioxane, xylene, benzene, carbon tetrachlo-
ride, and methyl ethyl ketone. It is very stable at normal tempera-
tures and pressures (Akron 2009). Physical and chemical properties
of mirex are listed in the following table.

Property Information
Molecular weight 545.6°
Melting point 485°C*

Log K., 5.28°

Water solubility 0.085 mg/L at 25°C°
Vapor pressure 8% 107 mm Hg at 25°C°
Vapor density relative to air 18.8°

Sources: *HSDB 2009, *ChemIDplus 2009.

Use

Mirex was used in the United States from 1959 until 1972 as a fire-
retardant additive and as an insecticide to control fire ants in south-
eastern states; the latter use continued until 1978 (JARC 1979, ATSDR
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1995). From 1962 to 1976, 132 million acres in nine states were treated

for fire-ant control with about 500,000 Ib of mirex bait, primarily by
aerial application. Mirex was also used to control other species of
ants, yellow jackets, and mealy bugs in pineapples (IARC 1979). The

U.S. Environmental Protection Agency canceled all registered uses

of mirex in December 1977; however, selected applications were al-
lowed until existing stocks were exhausted in June 1978.

Production

Mirex was first synthesized in the mid 1940s, but it did not become

commercially available in the United States until 1958 (IARC 1979).
Technical-grade mirex was produced commercially by one company
in the United States until 1967. The insecticidal baits were produced

until 1975, when all registrations and the rights to produce and sell

baits containing mirex were transferred to the Mississippi Depart-
ment of Agriculture until the supply of mirex was exhausted. One

company produced an estimated 3.3 million pounds of mirex between

1959 and 1975 and purchased an additional 1.5 million pounds from

another company (ATSDR 1995). Peak production occurred from

1963 to 1968. U.S. production was 41,500 Ib in 1972 and less than

1,000 Ib in 1975 (HSDB 2009). Mirex is available in small quantities

for laboratory use from seven U.S. suppliers and four other suppli-
ers worldwide (ChemSources 2009). Before cancellation of its reg-
istrations for technical products, mirex was imported from Brazil;

however, no data on U.S. import volumes were found (ATSDR 1995).
Over 90% of the mirex produced in the United States between 1950

and 1975 was exported.

Exposure

Although mirex is no longer produced or used in the United States,
it is very persistent in the environment and is highly resistant to deg-
radation. Because mirex remains in the environment for a long time,
the general population may continue to be exposed at low concen-
trations (ATSDR 1995). Populations with the greatest potential for
exposure include those who eat fish from contaminated water bod-
ies, reside near a former mirex manufacturing or waste-disposal site,
or live in areas where mirex was extensively used to control fire ants.

Mirex has a half-life of up to 10 years in the environment. It is very
soluble in fat and bioaccumulates in animals. Mirex has been found
in Antarctic species, indicating that it is transported over long dis-
tances (Bustnes et al. 2006). It has been measured in top avian pred-
ators at both poles; however, concentrations were much higher in the
Antarctic species. The one U.S. plant that manufactured mirex was
located on the Niagara River upstream from Lake Ontario. It was
estimated that almost 6,000 lb of mirex entered Lake Ontario from
that facility. From 1977 to 1999, concentrations of mirex in salmon
fillets collected from Lake Ontario declined by more than tenfold,
to less than 0.1 mg/kg; the decline was attributed to clean-up of the
groundwater discharge from the former manufacturing site, result-
ing in less mirex available in Lake Ontario for biomagnification in
the food chain (Makarewicz et al. 2003). In another study, mirex was
found at concentrations of up to 360 ng/g in lake trout taken near the
former manufacturing site; in lake trout in the other Great Lakes, it
was found at much lower concentrations or was below the limit of
detection (2 ng/g) (Hickey et al. 2006). In Arctic Greenland popula-
tions, the daily intake of mirex increased from 0.002 pg/kg of body
weight in 1976 to 0.0044 pg/kg in 2004, even though the consump-
tion of traditional foods declined (Deutch et al. 2004).

Mirex has been found in the blood of numerous human popula-
tions, especially in indigenous people of northern regions (Van Oost-
dam et al. 2004). A survey of organochlorine pesticides in maternal
blood found mirex at concentrations up to 12 ug/kg of serum lipids
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in Arctic populations in Greenland, Canada, Alaska, Norway, Sweden,
Iceland, Finland, and Russia. The blood levels of mirex in Greenland

arctic populations ranged from 34.1 to 88.1 pg/kg of lipid and corre-
lated with Inuit consumption of seal and fish (Deutch et 4l. 2004). In

Arctic Canada, mirex was detected in 84% of Inuit maternal blood

samples at a mean concentration of 0.07 pg/L, but in less than 45% of
samples from other ethnic groups, at a median concentration of only
0.02 ug/L. However, it was detected in only 8.5% of the correspond-
ing cord blood plasma samples from all ethnic groups, at a mean con-
centration of 0.01 pg/L (Butler Walker et al. 2003).

Mirex was found in 46% of the blood samples collected from Ak-
wesasne Mohawk youth living along the St. Lawrence River in New
York and Quebec, at a mean concentration of 0.036 ppb. Levels were
somewhat higher in youths who had been breastfed as infants, but
the difference was not statistically significant (Schell et al. 2003). In
Montreal, mirex was found in the blood of ethnic Bangladeshi and
Vietnamese fishermen and in majority-community sport fishers; con-
centrations were highest among the majority sport fishers, because
they caught and ate larger fish (Kosatsky et al. 1999). In a study of
male sport fishers in New York State, their mean blood mirex con-
centration was 18.4 ng/g of lipid, significantly higher than in non-
consumers of sport fish (Bloom et al. 2005). A study in the Great
Lakes also found higher blood concentrations of mirex among men
and women who consumed fish than in non-consumers (Kearney
et al. 1999). Mirex was found in 86% of the blood samples collected
from pregnant women in an agricultural community in California,
at a median concentration of 0.29 ng/g of lipid (Fenster et al. 2006).
A study in southern Spain measured organochlorine pesticides in
150 placentas and detected mirex in 40% of the samples, at a mean
concentration of 0.38 ng/g of placenta (Lopez-Espinosa et al. 2006).

Mirex was found in all adipose-tissue samples collected at au-
topsy from Greenlanders; the highest mean concentration, 126 pg/kg
of lipid, was found in omental fat. This was lower than found in a
previous study of Greenlanders, but much higher than in studies
conducted in other locations (Deutch et al. 2006). Breast-milk con-
centrations of mirex also were elevated in populations of women in
New York State who had eaten contaminated local fish (Greizerstein
et al. 1999, Fitzgerald et al. 2001).

The National Occupational Hazard Survey (conducted from 1972
to 1974) estimated that 932 workers potentially were exposed to mi-
rex (HSDB 2009). However, occupational exposure is now limited to
wotrkers employed at hazardous-waste sites or those involved in re-
mediation of sites contaminated with mirex (ATSDR 1995).

Regulations

Department of Transportation (DOT)

Mirex is considered a marine pollutant, and special requirements have been set for marking, fabeling,
and transporting this material.

Environmental Protection Agency (EPA)

Federal Insecticide, Fungicide, and Rodenticide Act
Registrations for all uses have been canceled.

Food and Drug Administration (FDA)

Action levelin the edible portion of fish = 0.1 ppm.
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Mustard Gas
CAS No. 505-60-2

Known to be a human carcinogen
First listed in the First Annual Report on Carcinogens (1980)
Also known as bis(2-chloroethyl) sulfide

Carcinogenicity

Mustard gas is known to be a human carcinogen based on sufficient
evidence of carcinogenicity from studies in humans.

Cancer Studies in Humans

In several epidemiological studies, exposure to mustard gas (through
military use or occupationally) was associated with an increased risk
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of lung or other respiratory-tract cancer. Among mustard-gas pro-
duction workers, the risk of respiratory cancer was higher in individ-
uals who had been exposed to mustard gas for longer periods (IARC
1975, 1987). Since mustard gas was listed in the First Annual Report
on Carcinogens and subsequently reviewed by IARC (1987), it has
been reported to be associated with cancer at several other tissue
sites. A cohort study in England found significant excesses of laryn-
geal, pharyngeal, upper-respiratory-tract, and lung cancer in work-
ers employed in the manufacture of mustard gas during World War II
(Easton ef al. 1988).

Cancer Studies in Experimental Animals

Mustard gas caused cancer in mice of both sexes. When adminis-
tered by inhalation or intravenous injection, it caused lung tumors,
and when administered by subcutaneous injection, it caused tumors
at the injection site (fibrosarcoma or sarcoma) (IARC 1975, 1987).

Studies on Mechanisms of Carcinogenesis

Mustard gas caused genetic damage in all systems in which it was
tested. It caused DNA damage in bacteria and gene mutations in fungi.
In Drosophila melanogaster, it caused dominant lethal mutations, sex-
linked recessive lethal mutations, aneuploidy, and heritable translo-
cations. In cultured rodent cells, it caused mutations, chromosomal
aberrations, and DNA damage. In mice exposed by intraperitoneal
injection, mustard gas was shown to bind covalently to DNA, RNA,
and protein (IARC 1987).

Properties

Mustard gas is a suflur mustard alkylating agent that exists at room

temperature as a colorless to yellow oily liquid with a sweet, agreeable

odor (IARC 1975). It is insoluble in water, soluble in acetone, ben-
zene, ethanol, ether, and other common organic solvents, miscible

in petroleum ether, and highly soluble in lipids. It hydrolyzes readily
in aqueous solution (Akron 2009). Physical and chemical properties

of mustard gas are listed in the following table.

Property Information

Molecular weight 159.1°

Specific gravity 1.2741 at 20°C/4°C (liquid)
1.338 at 13°C (solid)?

Melting point 13°Cto 14°C*

Boiling point 215°Cto 217°C*

Log Ky, 241°

Water solubility 0.000684 g/l at 25°C°
Vapor pressure 0.11 mm Hg at 25°C*
Vapor density relative to air 54°

Sources: *HSDB 2009, ®°ChemIDplus 2009.

Use

Mustard gas is a vesicant (blister-inducing agent) first used in chem-
ical warfare in World War L It was also used in chemical warfare in
Ethiopia in 1936 and in the Iran—Iraq war from 1984 to 1988. Small
amounts are used in research as a model compound in biological
studies of alkylating agents. Mustard gas was tested as an anticancer
agent, but its clinical use was not successful because of its high tox-
icity (IARC 1975, ATSDR 2003).

Production

By the end of World War I, daily U.S. production of mustard gas
had reached about 18,000 kg (40,000 Ib). The United States contin-
ued to produce and stockpile mustard-gas chemical weapons until
1968, accumulating more than 34 million pounds (ATSDR 2003). The
United States no longer produces, imports, or exports mustard gas
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and signed the International Chemical Weapons Convention treaty
in 1997, which mandated destruction of all chemical weapons by 2007
(CDC 2010). In 2009, mustard gas was available in research quanti-
ties from U.S. supplier (ChemSources 2009).

Exposure

The primary routes of potential human exposure to mustard gas are
inhalation and dermal contact; however, the general population typ-
ically is not exposed to mustard gas. Aging stockpiles of mustard gas
are stored at eight U.S. Army bases and are scheduled for destruction.
Although the greatest risk of exposure to date has been among mili-
tary personnel, there is some small risk of exposure for people living
near military installations where mustard gas is stockpiled and de-
stroved or in the event of accidental releases or a chemical-warfare
attack. People may also be exposed to residues of mustard gas dis-
posed of in bulk quantities years or even decades ago if these disposal
sites are disturbed (ATSDR 2003, HSDB 2009).

Bullman and Kang (1994) reviewed the effects of mustard gas
and other hazards on U.S. military personnel. During World War [,
as many as 28,000 of the American Expeditionary Forces were ex-
posed to mustard gas, but seldom to lethal concentrations, because
the gas was dispersed on the battlefield. Although mustard gas was
not used in World War II, the United States produced and stockpiled
it for possible use and conducted research to prepare for the threat of
chemical-warfare attack. Top-secret experiments to test protective
equipment, clothing, and antivesicant ointments, involving patch or
drop tests, chamber tests, and field tests, were conducted with mili-
tary volunteers. In the patch or drop tests, which assessed the strength
of protective ointments, 15,000 to 60,000 soldiers and sailors were ex-
posed to mustard gas. In chamber tests, protective masks and cloth-
ing were evaluated by exposure of volunteers to the chemical in a
gas chamber for an hour or more every day or every other day until
penetration was observed, evidenced by moderate to intense chem-
ical burns on the skin. The same outcome was sought in field tests of
the quality of masks, protective clothing, and ointments, which re-
quired soldiers to cross tropical or subtropical lands where the gas
was dropped. In chamber and field tests, at least 4,000 servicemen
were exposed to mustard gas.

Regulations

Environmental Protection Agency (EPA)

Emergency Planning and Community Right-To-Know Act
Threshold planning quantity (TPQ) = 500 Ib.

Reportable quantity (RQ) = 500 Ib.

Toxics Refease fnventory: Listed substance subject to reporting requirements.
Resource Conservation and Recovery Act

Listed as a hazardous constituent of waste.

References

Akron. 2009. The Chemical Database. The Department of Chemistry at the University of Akron. http://ufl.
chemistry.uakron.edu/erd and search on CAS number. Last accessed: 11/22/09.

ATSDR. 2003. Toxicological Profife for Sulfur Mustard (Update). Agency for Toxic Substances and Disease
Registry. http://www.atsdr.cdc.gov/toxprofiles/tp49.pdf.

Bullman TA, Kang HK. 1994. The effects of mustard gas, ionizing radiation, herbicides, trauma, and oil
smoke on US military personnel: the resuits of veteran studies. Annu Rev Public Heaith 15: 69-90.

CDC. 2010. Overview of U1.S. Chemical Weapons Elimination. Centers for Disease Control and Prevention.
http:/fwww.cdc.gov/nceh/demil/overview.htm. Last accessed: 3/3/10.

ChemiDplus. 2009. ChemiDplus Advanced. National Library of Medicine. http://chem.sis.nim.nih.gov/
chemidplus/chemidheavy.jsp and select Registry Number and search on CAS number. Last accessed:
10/22/09.

ChemSources. 2009. Chem Sources - Chemical Search. Chemical Sources International. http://www.
chemsources.com/chemonline.ntm! and search on chloroethyl sulfide. Last accessed: 10/22/09.

Easton DF, Peto J, Doll R. 1988. Cancers of the respiratory tract in mustard gas workers. 8r J Ind Med
45(10): 652-659.

276

Substance Profiles

HSDB. 2009. Hazardous Substances Data Bank. National Library of Medicine. http://toxnet.nim.nih.gov/
cgi-bin/sis/htmigen?HSDB and search on CAS number, Last accessed: 10/22/09.

IARC. 1975. Mustard gas. In Some Aziridines, N-, S-, and O-Mustards and Selenium. 1ARC Monographs on
the Evaluation of Carcinogenic Risk of Chemicals to Humans, vol. 9. Lyon, France: International Agency
for Research on Cancer. pp. 181-192.

IARC. 1987. Mustard gas. In Overall Evaluations of Carcinogenicity. IARC Monographs on the Evaluation
of Carcinogenic Risk of Chemicals to Humans, suppl. 7. Lyon, France: International Agency for Research
on Cancer. pp. 259-260.

Naphthalene
CAS No. 91-20-3

Reasonably anticipated to be a human carcinogen

First listed in the Eleventh Report on Carcinogens (2004)

Carcinogenicity
Naphthalene is reasonably anticipated to be a human carcinogen
based on sufficient evidence from studies in experimental animals.

Cancer Studies in Experimental Animals

Exposure of rats to naphthalene by inhalation caused nasal tumors,
which are rare in this species. Two types of nasal tumor were ob-
served: olfactory epithelial neuroblastoma of the nose, which is a

highly malignant and extremely rare tumor of the lining of the nose,
and respiratory epithelial adenoma, which also is rare (NTP 2000). At

the time the National Toxicology Program study was published, nei-
ther type of tumor had been observed in the historical controls (299

males and females) in NTP two-year studies that used the same feed

as the naphthalene bioassay. (As of 2010, no nasal tumors had been

observed in 1,297 male or 1,247 female controls.) The incidence of
neuroblastoma of the olfactory epithelium increased with increas-
ing exposure level in both sexes and was significantly increased at

the highest exposure level in females. Some of the neuroblastomas

also invaded the brain. The incidence of respiratory epithelial ade-
noma was significantly increased in males, but not in females. In fe-
male B6C3F, mice, inhalation exposure to naphthalene caused lung

tumors (NTP 1992). The International Agency for Research on Can-
cer (2002) concluded that there was sufficient evidence for the carci-
nogenicity of naphthalene in experimental animals.

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to

evaluate the relationship between human cancer and exposure spe-
cifically to naphthalene. Two case-series studies of cancer in individ-
uals exposed to naphthalene were identified; the first study reported

cancer of the larynx and at other tissue sites among German work-
ers occupationally exposed to naphthalene, and the second reported

colorectal cancer among Africans who had used a naphthalene com-
pound for medicinal purposes (Ajao et al. 1988, NTP 2002).

Studies on Mechanisms of Carcinogenesis

Naphthalene caused mutations in insects, but not in bacteria or cul-
tured human lymphoblastoid cells (Sasaki et al. 1997, Grosovsky et
al. 1999, NTP 2002). It caused other types of genetic damage in some
but not all test systems. In newt larvae, naphthalene induced micro-
nucleus formation. In cultured mammalian cells, it caused chro-
mosomal aberrations, sister chromatid exchange, and formation of
kinetochore-negative micronuclei, but did not cause DNA strand
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breaks, formation of kinetochore-positive micronuclei, or cell trans-
formation. Inhalation exposure of rats to naphthalene caused oxi-
dative stress and DNA damage in liver and brain tissue (IARC 2002,
NTP 2002).

When administered to experimental animals dermally, orally, or
by inhalation, naphthalene is rapidly absorbed and metabolized (NTP
2000). Evidence suggesting that naphthalene is absorbed in humans
comes from studies of workers in a coke plant, which found that
concentrations of naphthalene metabolites in the urine were signif-
icantly correlated with concentrations of naphthalene in personal
air samples (Bieniek 1994, 1997). The first step in the metabolism of
naphthalene is formation of naphthalene-1,2-oxide (as two stereo-
isomers, 1R,2S-oxide and 15,2R-oxide) through the action of cyto-
chrome P450 enzymes in the presence of the coenzyme NADPH.
These oxides are metabolized further by three pathways: (1) hydration
by epoxide hydrolases into dihydrodiols, (2) conjugation by glutathi-
one transferases, and (3) spontaneous rearrangement into 1-naphthol
and 2-naphthol, which are converted to naphthoquinones (Chich-
ester et al. 1994, Shultz et al. 1999). Naphthalene is excreted in the
urine as the unchanged parent compound or as metabolites, including
1-naphthol, 2-naphthol, naphthoquinones, dihydroxynaphthalenes,
and conjugated forms, including glutathione, cysteine, glucuronic
acid, and sulfate conjugates (NTP 2002).

The mechanism by which naphthalene causes cancer is unknown.
A strong correlation has been observed between the rates of forma-
tion of the stereoisomer (1R,2S)-naphthalene oxide in various tissues
and the selective toxicity of naphthalene to these tissues, suggesting
that this metabolite may play a role in naphthalene’s toxicity to the
lung and other tissues (Buckpitt and Franklin 1989). Oxidative dam-
age and DNA breakage, observed in rat liver and brain tissue, may
contribute to naphthalene’s toxicity and carcinogenicity.

Properties

Naphthalene is a polycyclic aromatic hydrocarbon that exists at room

temperature as a white crystalline solid with an aromatic odor. It is

insoluble in water but soluble in methanol, ethanol, benzene, toluene,
olive oil, turpentine, chloroform, carbon tetrachloride, ether, hydro-
naphthalenes, fixed and volatile oils, and ethylene dichloride. It is sta-
ble in closed containers under normal temperatures and pressures

(Akron 2009). Physical and chemical properties of naphthalene are

listed in the following table.

Property Information
Molecular weight 128.2

Density 1.162 g/cm? at 20°C
Melting point 80.2°C

Boiling point 217.9°C

Log K., 33

Water solubility 0.031g/L at 25°C
Vapor pressure 0.085 mm Hg at 25°C
Vapor density relative to air 442

Source: HSDB 2009.

Use

The principal use of naphthalene in the United States is as an inter-
mediate in the production of phthalic anhydride, which in turn is an
intermediate in the production of phthalate plasticizers, pharmaceu-
ticals, insect repellents, and other materials. Naphthalene has also
been used as an intermediate in the production of 1-naphthyl-N-
methylcarbamate insecticides, B-naphthol, synthetic leather-tanning
chemicals, surfactants (e.g., naphthalene sulfonates), moth repel-
lents, and toilet-bowl deodorizers (ATSDR 2005, HSDB 2009). In
1999, 59% of naphthalene was used for production of phthalic an-
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hydride, 21% for production of surfactant and dispersant chemicals,
11% for production of insecticides, and 9% in moth repellents and for
other purposes (CMR 1999). The Naphthalene Panel of the American
Chemistry Council reported in 2002 that naphthalene was no longer
used directly in tanneries, in the textile industry, or in the produc-
tion of toilet-bowl deodorizers and that f-naphthol was not manu-
factured in the United States (ACC 2002).

Production

Naphthalene is produced from either coal tar (which contains approx-
imately 10% naphthalene), by condensation and separation of coal tar
from coke-oven gases, or from petroleum, by dealkylation of methyl-
naphthalenes. In the United States, most naphthalene was produced
from petroleum through the 1980s. U.S. production of naphthalene
peaked in 1968, at 900 million pounds, decreasing to 222 million
pounds by 1994 (ATSDR 2005). In 2000, production was 235 mil-
lion pounds, of which over 90% (219 million pounds) was from coal
tar (CEH 2000). In 2002, estimated U.S. production capacity was 215
million pounds (ATSDR 2005). In 2009, two U.S. producers of naph-
thalene were identified (SRI 2009).

From 1989 to 1998, U.S. demand for naphthalene grew 0.5% per
vear. Demand was 246 million pounds in 1998 and 248 million pounds
in 1999. Demand for naphthalene sulfonates, used primarily as su-
perplasticizer additives to increase the flowability of concrete, grew
steadily in the late 1990s (CMR 1999). In 2000, estimated consump-
tion of naphthalene was 241 million pounds (ATSDR 2005). In 2009,
naphthalene was available from 28 U.S. suppliers (ChemSources
2009). Between 1989 and 2003, U.S. imports of naphthalene ranged
from a high of 18.5 million kilograms (40.9 million pounds) in 1989
toalow of 1.1 million kilograms (2.5 million pounds) in 1999. In 2008,
imports totaled 8.1 million kilograms (17.9 million pounds). Between
1989 and 2008, U.S. exports of naphthalene ranged from alow of 2.5
million liters (660,000 gallons) in 1993 to a high of 64.9 million liters
(17.1 million gallons) in 1998; in 2009, exports were 4.8 million liters
(1.3 million gallons) (USITC 2009).

Exposure

The general population potentially is exposed to naphthalene through
inhalation of ambient and indoor air. Accidental ingestion of house-
hold products containing naphthalene, mainly by children, has been
reported. Dermal exposure to naphthalene may occur through han-
dling or wearing of clothing stored with moth repellents containing
naphthalene. The average daily intake of naphthalene from ambient
air was estimated at 19 pg, based on an average naphthalene concen-
tration of 0.95 pug/m? in urban and suburban air and an inhalation
rate of 20 m?/day (ATSDR 2005). According to the U.S. Environ-
mental Protection Agency’s Toxics Release Inventory, environmen-
tal releases of naphthalene have decreased annually since 1998, when
almost 6 million pounds was released. In 2007, 983 facilities released
over 2.7 million pounds of naphthalene, of which more than half was
released to air (TRI 2009).

The National Occupational Exposure Survey (conducted from 1981
to 1983) estimated that 112,700 workers potentially were exposed
to naphthalene (NIOSH 1990). Workers identified by EPA as poten-
tially exposed to naphthalene include beta-naphthol makers, cellu-
loid makers, coal-tar workers, dye-chemical makers, fungicide makers,
hydronaphthalene makers, moth-repellent workers, phthalic anhy-
dride makers, smokeless-powder makers, tannery workers, textile-
chemical workers, and aluminum reduction plant workers (EPA 1980).
No more recent occupational exposure surveys were found. However,
industry estimates in 2002 indicated that about 1,000 workers were
employed by the largest U.S. tar-distillation and wood-preservation
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company and that fewer than 50 workers in the moth-repellent in-
dustry potentially were exposed to naphthalene (ACC 2002). These

estimates did not include workers potentially exposed to naphthalene

in production of phthalic anhydride and other uses. Workplace air

concentrations of naphthalene have been measured in many studies

and vary by industry. In the vulcanization step of tire manufacturing,
naphthalene was measured at concentrations of up to 1.09 mg/m?, re-
sulting in an estimated daily intake of 0.0029 mg/kg of body weight

(Durmusoglu 2007). A survey by the National Institute for Occupa-
tional Safety and Health in 1980 reported air concentrations of naph-
thalene as high as 10.2 pg/m?® in an area sample and 19.3 pg/m® in a

personal sample (ATSDR 2005).

Regulations

Department of Transportation (DOT)

Naphthalene is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean Air Act

Mobile Source Air Toxics: Listed as a substance for which requlations are to be developed.

National Emissions Standards for Hazardous Air Poffutants: Listed as a hazardous air pollutant.

Clean Water Act

Efffuent Guidelines: Listed as a toxic pollutant.

Designated a hazardous substance.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 100 Ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste codes for which the listing is based wholly or partly on the presence of
naphthalene = U165, F024, F025, F034, K001, K035, K087, K145.

Listed as a hazardous constituent of waste.

Occupational Safety and Health Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.
Permissible exposure limit {PEL) = 10 ppm (50 mg/mg).

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLV-TWA) = 10 ppm (50 mg/m’).
Threshold limit value — short-term exposure limit (TLV-STEL) = 15 ppm (75 mg/mg).
National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) = 10 ppm (50 mg/mg).
Short-term exposure fimit (STEL) =15 ppm (75 mg/mg).
Immediately dangerous to life and health (IDLH) limit = 250 ppm (1,250 mg/mg).

References

ACC. 2002, Price CM, American Chemical Council, Arlington, VA, letter to Jameson CW, National Toxicology
Program, Research Triangle Park, NC, 10/2/2002.

Ajao 0G, Adenuga MO, Ladipo JK. 1988. Colorectal carcinoma in patients under the age of 30 years: A
review of 11 cases. SR Coll Surg Edinb 33(5): 277-279.

Akron. 2009. The Chemical Database. The Department of Chemistry at the University of Akron. hitp://ull.
chemistry.uakron.edu/erd and search on CAS number. Last accessed: 10/22/09.

ATSDR. 2005. Toxicological Profite for Naphthalene, 1-Methyinaphthalene, and 2-Methyinaphthalene. Agency
for Toxic Substances and Disease Registry. http://www.atsdr.cdc.gov/toxprofiles/tp67.pdf.

Bieniek G. 1994. The presence of 1-naphthol in the urine of industrial workers exposed to naphthalene.
Occup Environ Med 51(5):357-359.

Bieniek G. 1997. Urinary naphthols as an indicator of exposure to naphthalene. Scand Jf Work Environ
Health 23(6): 414-420.

Buckpitt AR, Franklin RB. 1989. Relationship of naphthalene and 2-methyinaphthalene metabolism to
pulmonary bronchiolar epithelial cell necrosis. Pharmacol Ther 41(1-2): 393-410.

CEH. 2000. Chemical Fconomics Handbook, vol. 27. Menlo Park, CA: SRI International.

ChemSources. 2009. Chem Sources - Chemical Search. Chemical Sources International. http://www.
chemsources.com/chemonline.htm{ and search on naphthalene. Last accessed: 10/22/09.

278

Substance Profiles

Chichester CH, Buckpitt AR, Chang A, Plopper CG. 1994. Metabolism and cytotoxicity of naphthalene and
its metabolites in isolated murine Clara cells. Mo/ Pharmacol 45(4): 664-672.

CMR. 2002. Chemical profile — naphthalene. Chem Mark Rep 5/31/99.

Durmusoglu E, Aslan S, Can E, Bulut Z. 2007. Health risk assessment of workers' exposure to organic
compounds in atire factory. Hum Ecol Risk Assess 13:209-222.

EPA. 1980. Ambient Water Quality Criteria for Naphthalene. EPA 440-5-80-059. Washington, DC: U.S.
Environmental Protection Agency.

Grosovsky Al, Sasaki JC, Arey J, Eastmond DA, Parks KK, Atkinson R. 1999. Evaluation of the potential
health effects of the atmospheric reaction products of polycyclic aromatic hydrocarbons. Res Rep Health
Effinst 84:1-22.

HSDB. 2009. Hazardous Substances Data Bank. National Library of Medicine. http://toxnet.nim.nih.gov/
cgi-bin/sis/htmigen?HSDB and search on CAS number. Last accessed: 8/12/09.

IARC. 2002. Naphthalene. In Traditional Herbal Medicines, Some Mycotoxins, Naphthalene and Styrene.
IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, vol. 82. Lyon, France: International
Agency for Research on Cancer. pp. 367-435.

NIOSH. 1990. National Occupational Exposure Survey (1981-83). National Institute for Occupational Safety
and Health. Last updated 7/1/90. http://www.cdc.gov/noes/noes1/49600sic.html.

NTP.1992. Toxicology and Carcinogenesis Studies of Naphthalene (CAS No. 91-20-3 ) in BGC3F ; Mice (Inhalation
Studies). Technical Report Series no. 410, Research Triangle Park, NC: National Toxicology Program. 410 pp.
NTP. 2000. Toxicology and Caicinogenesis Studies of Naphthalene (CAS No. 91-20-3) in F344/N Rats (Inhalation
Studies). Technical Report Series no. 500, Research Triangle Park, NC: National Toxicology Program. 176 pp.
NTP. 2002. Report on Carcinogens Background Document for Naphthalene. National Toxicology Program.
http://ntp.niehs.nih.gov/ntp/newhomeroc/roc11/NaphthalenePub.pdf.

SasakiJC, Arey J, Eastmond DA, Parks KK, Grosovsky AJ. 1997. Genotoxicity induced in human lymphoblasts
by atmospheric reaction products of naphthalene and phenanthrene. Mutat Res 393(1-2): 23-35.

Shultz MA, Choudary PV, Buckpitt AR. 1999. Role of murine cytochrome P-450 2F2 in metabolic activation
of naphthalene and metabolism of other xenobiotics. J Pharmacol Exp Ther 290(1): 281-288.

SRI.2009. Directory of Chemical Producers. Menlo Park, CA: SRI Consulting. Database edition. Last accessed:
10/26/09.

TRI. 2009. TRI Explorer Chemical Report. U.S. Environmental Protection Agency. http://www.epa.gov/
triexplorer and select Naphthalene. Last accessed: 10/26/09.

USITC. 2009. USITC Interactive Tariff and Trade DataWeb. United States International Trade Commission.
http://dataweb.usitc.gov/scripts/user_set.asp and search on HTS no. 270740. Last accessed: 12/29/09.

2-Naphthylamine
CAS No. 91-59-8

Known to be a human carcinogen
First listed in the First Annual Report on Carcinogens (1980)

Also known as B-naphthylamine

NH,

Carcinogenicity
2-Naphthylamine is known to be a human carcinogen based on suffi-
cient evidence of carcinogenicity from studies in humans.

Cancer Studies in Humans

Epidemiological studies have shown that occupational exposure to

2-naphthylamine, either alone or present as an impurity in other

compounds, causes cancer of the urinary bladder. Studies of dye-
stuff workers and of chemical workers exposed mainly to 2-naphthyl-
amine found increased risks of urinary-bladder cancer that could not

be explained by workers” smoking habits. At one dyestuff plant, the

cancer risk increased with increasing exposure to 2-naphthylamine.
In addition, many case reports have linked 2-naphthylamine exposure

with urinary-bladder cancer in workers who manufactured or used

2-naphthylamine. The International Agency for Research on Cancer

concluded that there was sufficient evidence for the carcinogenicity
of 2-naphthylamine in humans (IARC 1974, 1987).
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Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of 2-naphthyl-
amine from studies in experimental animals. Oral exposure to 2-naph-
thylamine caused urinary-bladder cancer (carcinoma) in hamsters,
dogs, and rhesus monkeys and benign liver tumors (hepatocellular
adenoma) in mice (IARC 1974). Since 2-naphthylamine was listed in
the First Annual Report on Carcinogens, additional studies in rodents
have been identified. Oral administration of 2-naphthylamine to rats
caused a low incidence of urinary-bladder cancer (carcinoma), and
administration to mice by intraperitoneal injection caused benign
lung tumors (adenoma) (IARC 1987).

Studies on Mechanisms of Carcinogenesis

2-Naphthylamine caused genetic damage in various test systems, in-
cluding mutations in bacteria, yeast, insects, plants, cultured human
and other mammalian cells, and experimental animals exposed in
vivo. Other types of genetic damage observed in some of these sys-
tems included DNA strand breaks, chromosomal aberrations, micro-
nucleus formation, aneuploidy, sister chromatid exchange, and cell
transformation (IARC 1987, Gene-Tox 1998).

The mechanism by which 2-naphthylamine causes cancer is
thought to require its metabolism to a reactive form. When aryl-
amines, such as 2-naphthylamine, are metabolized, they are either
activated via N-hydroxylation (by cytochrome P450 liver enzymes)
or detoxified via pathways such as N-acetylation. The N-hydroxyl-
amine metabolites can form adducts with blood-serum proteins (such
as hemoglobin), which circulate freely, or they can undergo further
metabolism (conjugation) to form reactive compounds that can be
transported to the bladder and can bind to DNA (Yu et al. 2002).
2-Naphthylamine DNA adducts have been found in bladder and liver
cells from exposed dogs (IARC 1987).

Properties

2-Naphthylamine is an aromatic amine (arylamine) that exists at
room temperature as colorless crystals with a faint aromatic odor.
It is soluble in hot water, alcohol, ether, and many organic solvents.
2-Naphthylamine oxidizes in the presence of air, and the vapors can
be explosive (IARC 1974, Akron 2009). Physical and chemical prop-
erties of 2-naphthylamine are listed in the following table.

Property Information

Molecular weight 1432

Specific gravity 1.061 at 98°C/4°C
Melting point 111°Cto 113°C
Boiling point 306°C

Log K, 2.28

Water solubility 0.00640 g/L at 18°C

Vapor pressure 2.56 x 107 mm Hg at 25°C
Vapor density relative to air 495

Dissociation constant (pK,) 4.16

Source: HSDB 2009.

Use

2-Naphthylamine now is used only in laboratory research. It formerly
was used as an intermediate in the manufacture of dyes, as an antiox-
idant in the rubber industry, and to produce 2-chloronaphthylamine
(IARC 1974, HSDB 2009).

Production

2-Naphthylamine was commercially produced in the United States
from at least the early 1920s to the early 1970s. In 1955 (the last
vear for which production data were found), 581,000 kg (1.3 million
pounds) was produced by four manufacturers (IARC 1974). Since
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its commercial manufacture and use were banned in the early 1970s,
2-naphthylamine has been available only in small quantities for lab-
oratory research. In 2009, it was available from 10 U.S. suppliers
(ChemSources 2009). 2-Naphthylamine has not been imported in
significant amounts since 1967, when U.S. imports totaled 17,400 kg
(38,400 1b) (IARC 1974).

Exposure

Because commercial production and use of 2-naphthylamine are
banned, the potential for exposure is low. The general population
may be exposed through inhalation of emissions from sources where
nitrogen-containing organic matter is burned, such as coal furnaces
and cigarettes (HSDB 2009). The U.S. Environmental Protection
Agency’s Toxics Release Inventory listed one industrial facility re-
porting releases of 2-naphthylamine for 1998 through 2001; none was
released in 1998, and releases were 8 Ib in 1999, 15 1b in 2000, and
265 Ib in 2001. No records of earlier releases were found (TRI 2009).
Mainstream cigarette smoke from eight different U.S. conventional
market cigarettes contained 2-naphthylamine at concentrations of 1.5
to 14.1 ng per cigarette (Stabbert et al. 2003); other investigators re-
ported levels as high as 35 ng per cigarette (Hoffman et al. 1997). For
sidestream smoke, a concentration of 67 ng per cigarette was reported
(Patrianakos and Hoffmann 1979). 2-Naphthylamine also occurs as an
impurity (0.5% or less) in commercially produced 1-naphthylamine.

At greatest risk of occupational exposure to 2-naphthylamine are
laboratory technicians and scientists who use it in research. Before
U.S. commercial production of 2-naphthylamine and its use in the
dye and rubber industries were banned, workers in these industries
potentially were exposed. The National Occupational Hazard Survey
(conducted from 1972 to 1974) estimated that 420 workers poten-
tially were exposed to 2-naphthylamine (NIOSH 1976), and the Na-
tional Occupational Exposure Survey (conducted from 1981 to 1983)
estimated that 275 workers, including 265 women, potentially were
exposed (NIOSH 1990).

Regulations

Department of Transportation (DOT)

2-Naphthylamine is considered a hazardous material, and special requirements have been set for
marking, labeling, and transporting this material.

Environmental Protection Agency (EPA)

Comprehensive Environmental Response, Compensation, and Liability Act
Reportable quantity (RQ) = 101b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the listing is based wholly or partly on the presence of
2-naphthylamine == U168.
Listed as a hazardous constituent of waste.

Occupational Safety and Healith Administration (OSHA)

Potential occupational carcinogen: Engineering controls, work practices, and personal protective
equipment are required.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value — time-weighted average (TLV-TWA) = exposure by all routes should be as low
as possible.

National Institute for Occupational Safety and Health (NIOSH)
Listed as a potential occupational carcinogen.
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Nickel Compounds and Metallic Nickel

introduction

Nickel compounds and metallic nickel have many industrial and com-
mercial applications, including use in stainless steel and other nickel
alloys, catalysts, batteries, pigments, and ceramics. Nickel and Cer-
tain Nickel Compounds were listed in the First Annual Report on Car-
cinogens (1980) as reasonably anticipated to be human carcinogens.
Nickel compounds as a class were first listed as known to be human
carcinogens in the Tenth Report on Carcinogens (2002); this listing
supersedes the listing of “certain nickel compounds” and applies to
all members of the class. Metallic nickel was reevaluated in 2000 and
remains listed as reasonably anticipated to be a human carcinogen.
Nickel alloys were reviewed in 2000 but were not recommended for
listing in the Report on Carcinogens (see Appendix C).

The profiles for nickel compounds and metallic nickel follow this
introduction. The evidence for carcinogenicity from cancer studies in
experimental animals and humans is discussed separately for nickel
compounds and metallic nickel. However, most of the information
on mechanisms of carcinogenesis, properties, use, production, ex-
posure, and regulations is common to both nickel compounds and
metallic nickel and therefore is combined into one section following
the discussions of cancer studies.

Nickel Compounds

No separate CAS No. assigned for lead compounds as a class
Known to be human carcinogens

First listed in the Tenth Report on Carcinogens (2002)

Carcinogenicity

Nickel compounds are known to be human carcinogens based on suf-
ficient evidence of carcinogenicity from studies in humans, includ-
ing epidemiological and mechanistic studies. The combined results
of epidemiological studies, mechanistic studies, and cancer studies in
rodents support the concept that nickel compounds generate nickel

280

Substance Profiles

ions in target cells at sites critical for carcinogenesis, thus allowing
consideration and evaluation of these compounds as a single group.

Cancer Studies in Humans

Several epidemiological cohort studies of workers exposed to vari-
ous nickel compounds showed an elevated risk of death from lung
cancer and nasal cancer. Although the precise nickel compound re-
sponsible for the carcinogenic effects in humans is not always clear,
studies indicate that nickel sulfate and the combinations of nickel
sulfides and oxides encountered in the nickel-refining industry cause
cancer in humans. The International Agency for Research on Cancer
concluded that there was sufficient evidence of the carcinogenicity
of nickel compounds encountered in the nickel-refining industry in
humans (IARC 1990). In an additional study, nickel-refinery work-
ers exposed primarily to soluble nickel compounds had a significant
excess risk of lung cancer, and smoking and nickel exposure had a
synergistic effect on cancer risk (Anderson et al. 1996). These work-
ers also had an excess risk of nasal cancer.

Cancer Studies in Experimental Animals

In rats and in some studies with mice, inhalation or intratracheal in-
stillation of nickel subsulfide or nickel oxide led to dose-related in-
duction of benign and malignant lung tumors, including carcinoma
(TARC 1990, NTP 1996a,b). Inhalation of nickel compounds also
caused tumors at tissue sites other than the lung; in particular, be-
nign or malignant adrenal-gland tumors (pheochromocytoma) were
observed in rats (NTP 1996a,b). Injection of rodents with various
nickel compounds was repeatedly shown to cause dose-dependent
increases in tumors in several species and at several different sites.
Subcutaneous, intramuscular, intraperitoneal, subperiosteal, intra-
femoral, intrapleural, intracerebral, intrarenal, intratesticular, and in-
traocular injections of nickel compounds all caused cancer (usually
sarcoma) at the injection site. Injection of nickel also produced dis-
tant tumors of the liver in some strains of mice. IARC concluded that
there was sufficient evidence of the carcinogenicity of several nickel
compounds (monoxides, hydroxides, and crystalline sulfides) in ex-
perimental animals (IARC 1990).

Soluble nickel acetate is a complete transplacental carcinogen in
rats. Brief exposure of pregnant rats to nickel acetate by intraper-
itoneal injection during pregnancy caused pituitary cancer in the
offspring. Transplacental exposure to nickel acetate followed by ex-
posure of the offspring to barbital (a known tumor promoter) caused
kidney tumors (renal cortical and pelvic tumors) (Diwan et al. 1992).
In adult rats, injection of soluble nickel salts followed by barbital ex-
posure caused kidney cancer (renal cortical adenocarcinoma) that
frequently metastasized to the lung, liver, and spleen (Kasprzak et
al. 1990).

Metallic Nickel
CAS No. 7440-02-0

Reasonably anticipated to be a human carcinogen
First listed in the First Annual Report on Carcinogens (1980)

Also known as Ni

Carcinogenicity
Metallic nickel is reasonably anticipated to be a human carcinogen

§ i evidence of carcinogenici ies i -
based on sufficient evidence of carcinogenicity from studies in ex
perimental animals.
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Cancer Studies in Experimental Animals

Metallic nickel caused tumors in two rodent species, at several differ-
ent tissue sites, and by several different routes of exposure. In both
rats and hamsters, metallic nickel powder caused tumors when ad-
ministered by intratracheal instillation or by subcutaneous, intra-
muscular, or intraperitoneal injection. Intratracheal instillation of
metallic nickel powder primarily caused adenocarcinoma, whereas
injection most frequently caused sarcoma, demonstrating that me-
tallic nickel can induce both epithelial and connective-tissue tumors
(IARC 1973, 1976, 1990).

Cancer Studies in Humans

The available epidemiological studies of workers exposed to metal-
lic nickel are limited by inadequate exposure information, low ex-
posure levels, short follow-up periods, and small numbers of cases.

Nickel Compounds and Metallic Nickel

Studies on Mechanisms of Carcinogenesis

The available evidence suggests that metallic nickel has carcinogenic
properties because it can slowly dissolve in the body and release ionic
nickel, an active genotoxic and carcinogenic form of nickel. There is
no evidence to suggest that the mechanisms by which nickel causes
tumors in experimental animals would not also operate in humans.

Many studies in cultured rodent and human cells have shown that
a variety of nickel compounds, including both soluble and insoluble
forms of nickel, caused genetic damage, including DNA strand breaks,
mutations, chromosomal damage, cell transformation, and disrupted
DNA repair. Chromosomal aberrations have been observed in hu-
mans occupationally exposed to nickel. Nickel can bind ionically to
cellular components, including DNA. The reduction-oxidation activ-
ity of the nickel ion may produce reactive oxygen species that attack
DNA, and exposure to nickel ion iz vitro or in vivo can result in pro-
duction of 8-hydroxy-2'-deoxyguanosine in target tissues for cancer
caused by nickel (IARC 1990, Kasprzak et al. 1990).

The carcinogenic potency of various nickel compounds varies
widely, based on solubility properties and speciation. Studies indi-
cate that soluble nickel salts can be complete carcinogens (Diwan et
al. 1992) or initiators of carcinogenesis (Kasprzak et al. 1990) at tissue
sites distant from the site of administration, which confirms that ionic
nickel is the carcinogenic species. Differences in the potency of nickel
compounds may relate to the specific properties of the compounds
that affect the availability of ionic nickel at target sites. The listings
of nickel compounds and metallic nickel are based on a large body
of scientific evidence supporting the concept that nickel ion is carci-
nogenic. The hazard associated with a particular nickel compound is
related largely to the compound’s propensity to release ionic nickel in
the body. The evidence suggests that the relatively insoluble metallic
nickel is less likely to present a carcinogenic hazard than are the nickel
compounds that tend to release proportionately more nickel ion. This
view agrees with that expressed by TARC (1990), which based its eval-
uation of the carcinogenicity of nickel compounds as a group on the
combined results of human epidemiological studies, cancer studies
in experimental animals, and other data supporting the “underlying
concept that nickel compounds can generate nickel ions at critical
sites in their target cells” The IARC review noted that the carcino-
genicity of nickel compounds depends not solely on their capacity
to release ionic nickel, but also on factors that promote localization
of high concentrations of nickel ions at critical tissue sites. This con-
clusion is consistent with evidence from studies in experimental an-
imals indicating that nickel compounds of moderate solubility can,
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under certain exposure conditions, be more carcinogenic than more

soluble compounds. Therefore, it is difficult to predict with any cer-
tainty the relative carcinogenic hazard posed by a particular nickel

compound without a full understanding of its ability to release ionic

nickel under specific exposure conditions.

Properties

Metallic nickel is a group 10 metallic element. It is a lustrous, silvery,
hard ferromagnetic metal or a gray powder. It has a vapor pressure of
1 mm Hgat 1,810°C. Metallic nickel is insoluble in water and ammo-
nia, slightly soluble in hydrochloric acid and sulfuric acid, and soluble

in dilute nitric acid. It is resistant to attack by air and water at stan-
dard temperatures. However, powdered nickel is reactive in air and

may ignite spontaneously (IARC 1990, ATSDR 1997, HSDB 2009).

Nickel oxides and hydroxides are practically insoluble in water and
soluble in acids and ammonium hydroxide. Nickel monoxide (also
known as nickel oxide) is a green to black powder that becomes yel-
low when heated. The temperature at which the crystal is formed de-
termines the color of the crystal. It is soluble in acids and ammonium
hydroxide. Nickel monoxide reacts with acids to form nickel salts and
soaps, and mixtures of nickel monoxide and barium oxide react vi-
olently with iodine and hydrogen sulfide in air. Nickel hydroxide oc-
curs either as green crystals or as a black powder. It does not burn,
but it may produce toxic gases when heated to decomposition. It is
available at 97% purity (IARC 1990, HSDB 2009).

Nickel sulfides are insoluble in water, and some occur in more
than one form. Nickel subsulfide (« form) occurs as lustrous pale-
vellowish or bronze crystals that are soluble in nitric acid. Nickel
sulfide occurs in three forms (a, B, and amorphous) as dark-green to
black crystals or powder. Nickel disulfide occurs as black crystals or
powder and decomposes at temperatures above 400°C (IARC 1990).

Nickel salts are green to yellow crystals that generally are solu-
ble in water and decompose when heated. Nickel acetate occurs asa
dull-green powder that effloresces somewhat in air. It is available as
the tetrahydrate at greater than 97% purity. Nickel chloride occurs
as vellow (anhydrous) or green (hexahvdrate) deliquescent crystals.
It is soluble in ethanol and ammonium hydroxide and insoluble in
ammonia. The hexahydrate form is available as a laboratory reagent
at greater than 99% purity or as industrial products containing ap-
proximately 24.7% nickel. Nickel sulfate occurs as yellow, green, or
blue crystals and is available in anhydrous, hexahydrate, or heptahy-
drate forms. The hexahydrate melts at 53.3°C and the heptahydrate
at 99°C; both forms are available at greater than 99% purity. Nickel
carbonate occurs as light-green rhombic crystals. It is practically in-
soluble in water but soluble in dilute acids and ammonia. Laboratory
reagent grades contain 45% or 47.5% nickel, and industrial grades con-
tain approximately 45% nickel (IARC 1990, HSDB 2009).

Nickel carbonyl occurs as a colorless, volatile, highly flammable
liquid with a musty odor. It is practically insoluble in water but solu-
ble in alcohol, benzene, chloroform, acetone, and carbon tetrachlo-
ride, and insoluble in dilute acids and dilute alkalis. It is available in
a technical grade at greater than 99% purity. Nickel carbonyl decays
spontaneously in air and may decompose violently when exposed to
heat or flame in the presence of air or oxygen. When heated oron con-
tact with acid or acid fumes, it emits toxic carbon monoxide fumes
(HSDB 2009). Nickelocene occurs as dark-green crystals. It is insolu-
ble in water but soluble in common organic solvents. It is highly reac-
tive and decomposes in air, acetone, alcohol, and ether. It is available
in solid form at greater than 90% purity or as an 8% to 10% solution
in toluene (IARC 1990).

281

ED_002435_00019868-00289



Nickel Compounds and Metallic Nickel

Physical and chemical properties of metallic nickel and selected
nickel compounds are listed in the table below, along with their chem-
ical formulas.

Use

Because of its unique properties, nickel has many uses in industry.
The majority (about 80%) of all nickel is used in alloys, because it im-
parts such properties as corrosion resistance, heat resistance, hard-
ness, and strength (ATSDR 1997). The main uses of nickel are in the
production of stainless steel, copper-nickel alloys, and other corro-
sion-resistant alloys. Pure nickel metal is used in electroplating, as a
chemical catalyst, and in the manufacture of alkaline batteries, coins,
welding products, magnets, electrical contacts and electrodes, spark
plugs, machinery parts, and surgical and dental prostheses (IARC
1990, HSDB 2009). In 2009, 45% of the nickel used in the United States
was used in stainless and alloy steel production, 39% in nonferrous
alloys and superalloys, 11% in electroplating, and 5% in other uses.
The end uses in 2009 were 32% in transportation, 14% in the chemical
industry, 10% in electrical equipment, 8% in construction, 8% in fab-
ricated metal products, 8% in the petroleum industry, 6% in house-
hold appliances, 6% in machinery, and 8% for other uses (Kuck 2010).

Nickel oxide sinters (a coarse form of nickel monoxide) are used
in steel and alloy manufacturing. Green nickel monoxide is used in
electronics, in fuel-cell electrodes, as a colorant in ceramics and glass,
and to make nickel catalysts. Black nickel monoxide is used in the
ceramics industry, to manufacture nickel catalysts, and to manufac-
ture nickel salts. Nickel hydroxide is used in nickel-cadmium batter-
ies and as a catalyst intermediate. Nickel sulfides are used as catalysts
in the petrochemical industry when high concentrations of sulfur are
present in the distillates and as intermediates in hydrometallurgical
processing of silicate-oxide nickel ores IARC 1990). Nickel subsul-
fide is used in lithium batteries (HSDB 2009).

Nickel salts are widely used in industry. Nickel acetate is used asa
catalyst intermediate, as a dye fixative in the textile industry, in elec-
troplating, and as a sealer for anodized aluminum. Nickel chloride is
used in nickel catalysts, to absorb ammonia in industrial gas masks,
and in electroplating. Nickel sulfates are used in electroplating and
electrodeless nickel plating, as chemical intermediates to produce
other nickel compounds, and in nickel flashings on steel to prepare it
to be porcelain-enameled. Nickel carbonate is used to prepare nickel
monoxide, nickel powder, nickel catalysts, colored glass, and certain
nickel pigments. It also is used in electroplating and as a catalyst to
remove organic contaminants from water (IARC 1990, HSDB 2009).

Nickel carbonyl is used in the production of high-purity nickel
powder by the Mond process and for continuous nickel coatings on
steel and other metals. It also has many small-scale applications, such
as vapor plating of nickel and deposition of nickel in semiconduc-
tor manufacturing. Nickelocene is used as a catalyst and complex-
ing agent (IARC 1990).

Substance Profiles

Production

Nickel is refined from either sulfide or silicate-oxide ores, which gen-
erally contain no more than 3% nickel. Magmatic sulfide ores are
mined underground or by open-pit methods. Pentlandite ([NiFe]oSs)
is the principal sulfide ore; the largest known deposit is in Ontario,
Canada, and substantial deposits are found in Minnesota, South
Africa, Russia, Finland, and western Australia. Silicate-oxide ores,
or garnierites, originate in (current or former) humid tropical regions
and are surface mined by open-pit methods (IARC 1990, ATSDR
1997). Primary nickel production from mines in the United States
was steady from the late 1950s to 1980, ranging from 10,000 to 14,000
metric tons (22 million to 31 million pounds) per year (USGS 2010).
After 1980, primary production of nickel in the United States started
declining, and no primary production has occurred since 1998, when
4,290 metric tons (9.5 million pounds) was produced.

Recycled scrap metal accounts for a large part of the nickel sup-
ply; in addition, relatively small quantities of nickel are recovered
as a by-product at copper and precious-metal refineries or from
reclamation of spent catalysts (Kuck 2009). Production from these
secondary sources increased steadily from 21,000 metric tons (46
million pounds) in 1970 to a high of 106,000 metric tons (234 mil-
lion pounds) in 2006, then declined to 63,500 metric tons (140 mil-
lion pounds) in 2009.

From 1980 to 2008, U.S. consumption of nickel ranged from
163,000 to 250,000 metric tons (359 to 551 million pounds); con-
sumption was highest in 2006 (USGS 2010). In 2009, consumption
was 152,000 metric tons (335 million pounds), the lowest level since
1972 (Kuck 2010, USGS 2010). The demand for nickel is expected to
grow because of increased demand for nickel-based batteries and
nickel-bearing superalloys used in aircraft engines (Kuck 2009), with
the United States being dependent on foreign sources for most nickel
supplies.

From 1980 to 2008, U.S. imports of nickel remained fairly steady,
ranging from 117,000 to 190,000 metric tons (258 million to 419 mil-
lion pounds); 149,000 metric tons (329 million pounds) was imported
in 2008. In 2009, imports fell to 114,800 metric tons (253 million
pounds). U.S. exports of nickel ranged from 17,700 to 67,300 metric
tons (39 to 148 million pounds) between 1980 and 2006, increasing
to 116,000 metric tons (256 million pounds) in 2007, and were 99,680
metric tons (220 million pounds) in 2009 (Kuck 2010, USGS 2010).

Exposure

Environmental exposure to nickel occurs through inhalation, inges-
tion, and dermal contact. The general population is exposed to low
levels of nickel because it is widely present in air, water, food, and con-
sumer products. The general population takes in most nickel through
food; the average daily intake from food in the United States is es-
timated at 150 to 168 pg. Typical daily intake from drinking water
is 2 pg and from air is 0.1 to 1 pg. The general population is also ex-

Substance Formula Atomic or molec. wt. Specific gravity Melting point  Boiling point
Metallic nickel Ni 58.7 8.91 1,455°C 2,730°C
Nickel monoxide NiO 74.7 6.72 1,955°C NR
Nickel hydroxide Ni(OH), 927 4.1 230°C (dec) N/A
Nickel acetate Ni(C,H;0,), 176.8 1.80 NR 16.6°C
Nickel chloride NiCl, 129.6 3.51 1,001°C 973°C (sub)
Nickel sulfate NisO, 154.8 4.01 848°C (dec) N/A
Nickel carbonate NiCO; 118.7 4.39 dec N/A
Nickel carbonyl Ni(CO), 170.7 1.32 -19°C 43°C

Source: H5DB 2009. NR = not reported; dec = decomposes; N/A = not applicable; sub = sublimes,
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posed to nickel in nickel alloys and nickel-plated materials, such as
coins, steel, and jewelry, and residual nickel may be found in soaps,
fats, and oils (ATSDR 1997).

According to the U.S. Environmental Protection Agency’s Tox-
ics Release Inventory, releases of nickel to the environment trended
downwards from 1988 to 2003 and then increased, while releases of
nickel compounds increased until 1998 but have since decreased by
half. In 2007, 1,552 facilities released 8.3 million pounds of nickel,
and 1,027 facilities released 30.5 million pounds of nickel compounds
(TRI 2009).

Occupational exposure to nickel occurs mainly through inhala-
tion of dust particles and fumes or through dermal contact. Nickel
workers can also ingest nickel-containing dusts. Occupational ex-
posure is common for workers involved in mining, smelting, weld-
ing, casting, spray-painting and grinding, electroplating, production
and use of nickel catalysts, polishing of nickel-containing alloys, and
other jobs where nickel and nickel compounds are produced or used
(HSDB 2009). The National Occupational Hazard Survey (conducted
from 1972 to 1974) estimated that 23,272 workers potentially were
exposed to nickel and nickel compounds (NIOSH 1976), and the Na-
tional Occupational Exposure Survey (conducted from 1981 to 1983)
estimated that 507,681 workers, including 19,673 women, potentially
were exposed to nickel (molecular formula unknown) (NIOSH 1990).

Regulations

Department of Transportation (DOT)

Nickel carbonyl, nickel cyanide, nickel nitrate, and nickel nitrite are considered hazardous materials,
and special requirements have been set for marking, fabeling, and transporting these materials;
nickel picrate is forbidden from transport.

Nickel carbonyl, nicke! cyanide, and nickel tetracarbonyl are considered marine pollutants and special
requirements have been set for marking, labeling, and transporting these materials.

Environmental Protection Agency (EPA)
Clean Air Act

Mobile Souirce Air Toxics: Nickel compounds are listed as mobile-source air toxics for which requlations
are to be developed.

National Emissions Standards for Hazardous Air Pollutants: Nickel and its compounds are listed as
hazardous air pollutants.

Prevention of Accidental Release: Threshold quantity (TQ) = 1,000 Ib for nickel carbonyl.

Urban Air Toxics Strategy: Nickel compounds are identified as one of 33 hazardous air pollutants that
present the greatest threat to public health in urban areas.

Clean Water Act

Biosolids Rufe: Limits have been established for nickel in biosolids (sewage sludge) when used or
disposed of via land application, surface disposal, or incineration.

Efffuent Guidelines: Nickel and nickel compounds are listed as toxic pollutants.

Water Quality Criteria: Based on fish or shelifish and water consumption = 610 pg/L for metallic nickel;
based on fish or shellfish consumption only = 4,600 pig/L for metallic nickel.

Numerous nickel compounds are designated as hazardous substances.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 100 b for nickel, nickel ammonium sulfate, nickel chloride, nickel nitrate,
and nickel sulfate; 10 Ib for nickel carbonyl, nickel cyanide, and nickel hydroxide.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Nickel and nickel compounds are fisted substances subject to reporting
requirements.

Threshold planning quantity (TPQ) = 1 Ib for nickel carbonyl.

Reportable quantity (RQ) = 10 Ib for nickel carbonyl.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste codes for which the listing is based wholly or partly on the presence of
nickel or nickel compounds = P073, P074, F006.
Nickel and nickel compounds are listed as hazardous constituents of waste.

Food and Drug Administration (FDA)

Maximum permissible level of nickel in bottled water = 0.1 mg/L.

The color additives ferricammonium ferrocyanide and ferric ferrocyanide, when used in drugs, may
contain nickel at levels no greater than 200 ppm.

Menhaden oil may contain nickel at concentrations not to exceed 0.5 ppm.
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Occupational Safety and Health Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Permissible exposure limit (PEL) = 1 mg/m’ for elemental nicke! and compounds other than nickel
carbonyl; = 0.001 ppm (0.007 mg/m?) for nickel carbonyl.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value - time-weighted average (TLV-TWA) = 1.5 mg/m3 for elemental nickel;
= 0.1 mg/m’ for soluble inorganic nickel compounds and nickel subsulfide; = 0.2 mg/m* for
insoluble inorganic nickel compounds); = 0.05 ppm for nickel carbonyl.

National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (REL) = 0.015 mg/m’ for elemental nickel and nickel compounds other
than nickel carbonyl; = 0.001 ppm (0.007 mg/m?’) for nickel carbonyl.

Immediately dangerous to life and health (IDLH) fimit = 10 mg/m? for elemental nickel and nickel
compounds other than nickel carbonyl; = 2 ppm [14 mg/m”] for nickel carbonyl.

Metallic nickel and nickel compounds are listed as potential occupational carcinogens.
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Nitrilotriacetic Acid

Nitrilotriacetic Acid
CAS No. 139-13-9

Reasonably anticipated to be a human carcinogen

First listed in the Third Annual Report on Carcinogens (1983)

Carcinogenicity
Nitrilotriacetic acid is reasonably anticipated to be a human carcin-

ogen based on sufficient evidence of carcinogenicity from studies in
experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to nitrilotriacetic acid caused urinary-tract tumors in

mice and rats. Mice and rats of both sexes were administered nitrilo-
triacetic acid in the diet, both as the free acid and as the trisodium

salt, and male rats were administered the trisodium salt in drinking

water. These exposures increased the incidences of benign or malig-
nant tumors of the kidney, ureter, and urinary bladder; tumor types

observed included tubular-cell adenoma and adenocarcinoma of the

kidney and transitional-cell carcinoma of the kidney, ureter, and uri-
nary bladder. Exposure to the free acid caused benign and/or malig-
nant kidney tumors in mice of both sexes and in male rats, cancer of
the ureter in male rats, and cancer of the urinary-bladder in female

rats. Exposure to the trisodium salt had the same effects in rats and

also caused kidney tumors and cancer of the ureter in female rats

(NCI11977, Goyer et al. 1981).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to nitrilotriacetic acid.

Properties

Nitrilotriacetic acid is a tertiary amino-polycarboxylic acid chelating
agent that exists as a white crystalline powder at room temperature
(HSDB 2009, NCI 1977). It is slightly soluble in water and deuterated
dimethyl sulfoxide, soluble in ethanol, and insoluble in most other
organic solvents. It forms water-soluble complexes with many met-
als and reacts with strong oxidizing compounds (IARC 1990). Phys-
ical and chemical properties of nitrilotriacetic acid are listed in the
following table.

Property Information

Molecular weight 191.1°

Specific gravity > 1 at 20°C (solid)?
Melting point 242°C decomposes®

Log K, -381°

Water solubility 59 g/L at 25°C°

Vapor pressure 7% 107" mm Hg at 25°CP
Dissociation constant (pK,) 3.03 at 20°C°

Sources: *HSDB 2009, *°ChemiDplus 2009.
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Use

Nitrilotriacetic acid has many commercial applications, but is used

primarily as a metal ion chelating agent and as a laundry detergent

builder (IARC 1990). It sequesters magnesium and calcium ions pres-
ent in hard water, thereby reducing buildup and scaling caused by salts

ofthese ions. In the late 1960s, nitrilotriacetic acid generally replaced

phosphates in commercial detergents (NCI 1977). The use of nitri-
lotriacetic acid in detergents was suspended in the United States in

1971, but was resumed in the 1980s after phosphates were banned

from detergents (HSDB 2009). Nitrilotriacetic acid also is used as an

eluting agent in the purification of rare-earth elements, as a boiler
feed water additive, in water and textile treatment, in metal plating

and cleaning, and in pulp and paper processing (NCI 1977, IARC

1990). To a lesser extent, it is used in leather tanning, photographic

development, synthetic rubber production, pharmaceutical manu-
facturing, and agricultural herbicide formulations and micronutrient

solutions (NCI 1977). It has also been evaluated as a soil additive in

the phytoremediation of heavy-metal-contaminated soil (Evangelou

et al. 2007); chelation of the metals with nitrilotriacetic acid mobi-
lizes them for more rapid uptake by plants.

Production

Nitrilotriacetic acid was first synthesized in 1862, and commercial
production began in Europe in the 1930s (IARC 1990). In 1970, before
its use in detergents was suspended, 150 million pounds of nitrilo-
triacetic acid was produced and used in the United States, of which
86% to 92% was used in detergents (NCI 1977). In the early 1980s,
most of the annual U.S. production (approximately 66 million pounds)
was exported (IARC 1990). In 2009, nitrilotriacetic acid was produced
by 17 manufacturers worldwide, but none in the United States (SRI
2009), and was available from 31 suppliers, including 13 U.S. suppli-
ers (ChemSources 2009). No current data on U.S. imports or exports
of nitrilotriacetic acid were found. Reports fiiled under the U.S. En-
vironmental Protection Agency’s Toxic Substances Control Act In-
ventory Update Rule indicated that U.S. production plus imports of
nitrilotriacetic acid totaled 500,000 Ib to 1 million pounds in 1986 and
1998, 1 million to 10 million pounds in 1990, and 10,000 to 500,000
Ib in 1994 and 2000 (EPA 2004).

Exposure

The routes of potential human exposure to nitrilotriacetic acid are
inhalation, ingestion, and dermal contact (HSDB 2009). The general
population may be exposed through ingestion of drinking water or
dermal contact with products containing nitrilotriacetic acid or its
salts. Assessments of exposure to nitrilotriacetic acid were conducted
in the United States in 1979, 1980, and 1985 and in Canada in 1996.
These surveys assessed exposure from drinking water, bathing, wear-
ing clothing washed with detergents containing nitrilotriacetic acid,
contacting wash water, and ingesting residues remaining on hand-
washed dishes. All of these studies concluded that the total daily ex-
posure to consumers from all sources was less than 1 pg/kg of body
weight per day (IARC 1999).

In 1988, EPA’s Toxics Release Inventory reported environmen-
tal releases of 13,000 Ib of nitrilotriacetic acid, of which 20% was re-
leased to air, 40% to surface water, and 40% to on-site landfills (TRI
2009). From 1988 to 1996, annual releases declined to alow of 1,600
Ib. Since 1999, releases have ranged from 2,900 1b in 2000 to almost
64,000 1b in 2007, released by four industrial facilities. Most of the
2007 releases were to landfills, but almost 2,500 b was released to an
underground injection well.

When released to air, nitrilotriacetic acid will exist mostly in par-
ticulate form and will be removed by wet and dry deposition (HSDB
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2009). In surface water, it will not volatilize or bicaccumulate in
aquatic organisms; it will exist in ionized form and will likely remain
in the water until biodegradation occurs, with a half-life of 0.34 to
15 days. Mean concentrations of nitrilotriacetic acid in surface water
ranged from less than 0.5 to 6.4 mg/L in German rivers and lakes
(Schmidt et af. 2004). In Canada, typical concentrations in ground
and drinking water were 1 to 5 pg/L, and concentrations in Canadian
environmental water samples ranged from 0.006 to 3.2 mg/L (Rak-
sit 2002). In Canada and Switzerland, nitrilotriacetic acid makes up
about 15% of laundry detergents; the load in raw wastewater was
measured at 2,500 pg/L in Canada and 100 to 1,000 pg/L in Swit-
zerland (Bucheli-Witschel and Egli 2001). In well-adapted activated
sludge systems, nitrilotriacetic acid is readily biodegraded. In soil, it
is likely to biodegrade under aerobic conditions and moderate tem-
peratures (HSDB 2009).

Occupational exposure to nitrilotriacetic acid may occur through
inhalation and dermal contact during the manufacture of the com-
pound or its salts, during water treatment, and during other proce-
dures in which nitrilotriacetic acid is used. The National Occupational
Hazard Survey (conducted from 1972 to 1974) estimated that 13,454
workers potentially were exposed to nitrilotriacetic acid, trisodium
salt (NIOSH 1976). The National Occupational Exposure Survey (con-
ducted from 1981 to 1983) estimated that 25,216 workers potentially
were exposed to nitrilotriacetic acid and 249,479 workers potentially
were exposed to its trisodium salt (NIOSH 1990). In 1990, it was es-
timated that approximately 2,600 workers potentially were exposed
to nitrilotriacetic acid salts during production and detergent formu-
lation; the potential for exposure was highest for workers loading
hopper cars (IARC 1990).

Regulations

Environmental Protection Agency (EPA)
Emergency Planning and Community Right-To-Know Act
Toxics Release Inventory: Listed substance subject to reporting requirements.
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o-Nitroanisole
CAS No.91-23-6

Reasonably anticipated to be a human carcinogen
First listed in the Eighth Report on Carcinogens (1998)

Also known as 2-nitroanisole

O/CH3

NH,

Carcinogenicity
o-Nitroanisole is reasonably anticipated to be a human carcinogen

based on sufficient evidence of carcinogenicity from studies in ex-
perimental animals.

Cancer Studies in Experimental Animals

Oral exposure to o-nitroanisole caused tumors in two rodent species
and at several different tissue sites. In rats of both sexes, dietary ad-
ministration of o-nitroanisole caused mononuclear-cell leukemia and
increased the combined incidences of benign and malignant tumors
of the urinary bladder, kidney, and large intestine (NTP 1993, IARC
1996). In mice, it caused benign and malignant liver tumors (hepato-
cellular adenoma and carcinoma and hepatoblastoma) in males and
benign liver tumors (hepatocellullar adenoma) in females (NTP 1993).

Studies on Mechanisms of Carcinogenesis

Orally administered o-nitroanisole is metabolized predominantly to
o-nitrophenol, which is conjugated to sulfate or glucuronide and elim-
inated in the urine. Less than 1% of o-nitroanisole is metabolized to
o-anisidine, which is listed in the Report on Carcinogens as reason-
ably anticipated to be a human carcinogen. Dietary administration
of o-anisidine hydrochloride caused tumors of the urinary bladder
(transitional-cell neoplasia) in mice and rats and the kidney (transi-
tional-cell carcinoma of the renal pelvis) in rats. o-Nitroanisole causes
genetic damage in a wide variety of bacterial and in vitro mamma-
lian test systems (NTP 1993, IARC 1996).

Since o-nitroanisole was listed in the Eighth Report on Carcin-
ogens, additional studies relevant to mechanisms of carcinogene-
sis have been identified. In vitro, o-nitroanisole is metabolized by
O-demethylation to 2-nitrophenol, which is oxidized to 2,5-dihy-
droxynitrobenzene and 2,6-dihydroxynitrobenzene (Miksanova et al.
2004a,b, Stiborova et al. 2004, Dracinska et al. 2006). o-Nitroanisole
is also metabolized by nitroreduction to the DNA-reactive products
2-anisidine and N-(2-methoxyphenyl)hydroxylamine. DNA adducts
similar to those found in vitro were found in the urinary bladder,
liver, kidney, and spleen of male rats following intraperitoneal injec-
tion with o-nitroanisole. There is no evidence to suggest that mecha-
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nisms by which o-nitroanisole causes tumors in experimental animals
would not also operate in humans.

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to o-nitroanisole.

Properties

o-Nitroanisole is a colorless to vellowish liquid at room tempera-
ture. It is slightly soluble in water and soluble in alcohol and ether.
It is stable under normal temperatures and pressures but is explo-
sively reactive with sodium hydroxide and zinc (Akron 2009, HSDB
2009). Physical and chemical properties of o-nitroanisole are listed
in the following table.

Property Information
Molecular weight 153.1°

Specific gravity 1.254 at 20°C/4°C?
Melting point 9.4°C?

Boiling point 277°C*

Log K, 1.73°

Water solubility 1.690 g/L at 30°C*
Vapor pressure 3.6 107 mm Hg at 25°CP

Sources: *HSDB 2009, °ChemiDplus 2009.

Use

o-Nitroanisole is used primarily as a precursor for o-anisidine, which
is produced through direct nitroreduction (NTP 1993). o-Anisidine is
used extensively in the synthesis of over 100 azo dyes, either directly
after being converted to a diazonium salt or as a precursor for dian-
isidine, which is diazotized and coupled. o-Nitroanisole has also been
used as an intermediate in pharmaceutical production (IARC 1996).

Production

o-Nitroanisole is produced by treatment of 2-chloronitrobenzene
with sodium methoxide under heat and pressure. The product sepa-
rates as an oil after dilution with water (IARC 1996). In 2009, o-nitro-
anisole was produced by two manufacturers in India (SR12009) and
was available from 17 suppliers worldwide, including 9 U.S. suppli-
ers (ChemSources 2009). U.S. imports of o-nitroanisole totaled over
700,000 1b in 1976 and 540,000 1b in 1978 (HSDB 2009). No more
recent data on U.S. imports or exports of o-nitroanisole were found.

Exposure

The routes of potential human exposure to o-nitroanisole are dermal
contact, ingestion, and inhalation. o-Nitroanisole may be released
into the environment by dye and pharmaceutical manufacturing fa-
cilities through various waste streams (HSDB 2009). When released
to air, o-nitroanisole will remain in the vapor phase and will be de-
graded by reactions with photochemically produced hydroxyl radi-
cals, with an estimated half-life of 109 hours. When released to water,
it may adsorb to sediments and suspended solids. Volatilization is
very slow, with a half-life of 105 days in a model river and 772 days
in a model pond. When released to soil, 6-nitroanisole has moder-
ate mobility. It is not expected to bioaccumulate in aquatic organ-
isms. o-Nitroanisole has been identified in drinking water, but no
concentrations have been reported. Occupational exposure is asso-
ciated with the widespread use of o-nitroanisole in the manufacture
of azo dyes (NTP 1993); however, no estimates of occupational ex-
posure to o-nitroanisole were found.
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Regulations

Department of Transportation (DOT)

o-Nitroanisole is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean Air Act

New Source Performance Standards: Manufacture of o-nitroanisole is subject to certain provisions for
the control of volatile organic compound emissions.
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Nitroarenes (Selected)

Introduction

The nitroarenes are a large class of structurally related chemicals nor-
mally found in particulate emissions from many combustion sources,
most notably, diesel exhausts. These molecules are nitro-substituted
derivatives of polycyclic aromatic hydrocarbons (arenes) with at least
one nitro group covalently bound to a cyclic carbon atom (i.e., nitro-
polycyclic aromatic hydrocarbons, or nitro-PAHs) (Rosenkratz and
Mermelstein 1985, Tokiwa and Ohnishi 1986). The nitroarenes re-
sult from incomplete combustion processes from sources such as
kerosene heaters and fuel gas burners, in addition to diesel engines.
Profiles for the following listed nitroarenes follow this introduction:

« 1,6-Dinitropyrene

+ 1,8-Dinitropyrene

+ 6-Nitrochrysene

« 1-Nitropyrene

» 4-Nitropyrene

Following are brief discussions of carcinogenicity and exposure for
nitroarenes in general. Addtional information on carcinogenicity and
exposure specific to each of the five listed nitroarenes is provided in
the individual profiles.

These nitroarene compounds were first listed in the Eighth Report
on Carcinogens (1998) as reasonably anticipated to be human carcin-
ogens based on evidence of carcinogenicity from studies in experi-
mental animals. Few members of this large class of chemicals have
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been rigorously evaluated in state-of-the-art cancer studies in ro-
dents. Typically, the chemicals were administered by injection, over
short periods, and with less-than-optimal time allowed for tumors
to fully develop. Despite these limitations, the results of carcinoge-
nicity studies of nitroarenes in animals were generally similar and
demonstrated tumor formation both at the site of injection and at
distant tissue sites. The mutagenic and carcinogenic properties of
the nitroarene compounds vary. The mutagenicity of nitropyrenes
in Salmonella typhimurium strains TA98 and TA98NR increased
as the number of nitro groups increased (NTP 1999). The order of
mutagenic potency in human cells, from most potent to least po-
tent, was 1,6-dinitropyrene, followed by 1,8-dinitropyrene, followed
by 1-nitropyrene (Durant 1996), and levels of DNA binding in the
rat mammary gland were higher for 4-nitropyrene than for 1-nitro-
pyrene (Chae et al. 1997).

The metabolic pathways for activation of these nitroarene mole-
cules to create reaction products with the ability to cause gene mu-
tations or changes in the structure of DNA have been described in
tissues from humans and animals. The metabolic pathways are simi-
lar for the five listed nitroarenes. Two successive nitroreduction steps
form an N-hydroxylamine group. This intermediate may be activated
by loss of the N-hydroxyl group or by O-acetylation of the N-hydroxyl-
amine group followed by removal of the acetate to form the DNA-
reactive nitrenium ion, or it may be inactivated by further reduction
to an amine. No adequate studies of the relationship between expo-
sure to these chemicals and human cancer have been reported. How-
ever, exposure to diesel exhaust particulates is listed in the Report
on Carcinogens as reasonably anticipated to be a human carcino-
gen based on findings of elevated lung-cancer rates in occupational
groups exposed to diesel exhaust and on supporting studies of cancer
in experimental animals and studies on mechanisms of carcinogene-
sis. Whether the nitroarenes are responsible for or contribute to the
carcinogenicity of diesel exhaust in humans has not been determined.

Nitroarenes are products of incomplete combustion in the pres-
ence of nitrating species (IPCS 2003). They have been identified in
extracts of particles from the exhaust of diesel engines (IARC 1989).
Nitroarene concentrations measured in diesel-exhaust extracts were
higher for heavy-duty engines during operation and lower for engines
at idle (IARC 1989, Yamazaki et al. 2000). Nitroarenes have also been
identified in particulate matter from the incineration of municipal
waste, coal fly ash, extracts of coke-oven emissions, and stack emis-
sions from a facility manufacturing carbon electrodes. Concentrations
of nitroarenes in ambient air are higher in heavily industrialized ar-
eas than in nonindustrialized urban areas, suburban areas, or rural
areas (IARC 1989) and vary seasonally and diurnally. Higher concen-
trations in winter reflect increased emissions from heating sources,
and diurnal variations reflect traffic patterns (IPCS 2003).

Because nitroarenes emitted to air are tightly bound to particu-
late matter, they may be removed from the atmosphere by wet and
dry deposition and deposited on soil or surface water by settling and
by precipitation. In Japan, all five listed nitroarenes were detected in
particulates derived from coal burning (Taga et /. 2005) and in pre-
cipitation (Murahashi et al. 2001). Nitroarenes have been found in
the indoor environment in particulate emissions from kerosene heat-
ers and gas burners used for home heating and cooking (IPCS 2003).
Before 1980, considerable amounts of all five listed nitroarenes were
found in samples of carbon black that was known to be used in pho-
tocopiers. Some nitroarene compounds have also been identified in
food products, especially in smoked and grilled meats, and in bev-
erages, especially tea (IARC 1989).
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1,6-Dinitropyrene
CAS No. 42397-64-8

Reasonably anticipated to be a human carcinogen

First listed in the Eighth Report on Carcinogens (1998)

NO,

NO,

Carcinogenicity
1,6-Dinitropyrene is reasonably anticipated to be a human carcino-

gen based on sufficient evidence of carcinogenicity from studies in
experimental animals.

Cancer Studies in Experimental Animals

1,6-Dinitropyrene caused tumors in several rodent species, at sev-
eral different tissue sites, and by several different routes of exposure.
Subcutaneous injection of 1,6-dinitropyrene caused cancer at the in-
jection site (sarcoma) in male mice and in rats of both sexes and leuke-
mia in female rats (IARC 1989). Exposure by intraperitoneal injection
caused benign and malignant liver tumors (adenomaand carcinoma)
in male mice and cancer of the peritoneal cavity (sarcoma) in female
rats (IARC 1989, lizasa et al. 1993). Intrapulmonary instillation of
1,6-dinitropyrene caused lung cancer (squamous-cell carcinoma) in
male rats (IARC 1989, Iwagawa et al. 1989), and intratracheal instil-
lation caused lung cancer (adenocarcinoma) and myeloid leukemia in
hamsters of both sexes (IARC 1989). Administration of 1,6-dinitro-
pyrene to female rats by stomach tube caused cancer of the pituitary
gland (carcinoma) (IARC 1989, Imaida et al. 1991).

Studies on Mechanisms of Carcinogenesis

Pathways of 1,6-dinitropyrene metabolism leading to mutagenic and
clastogenic metabolites and formation of DNA adducts have been
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